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Abstract

Abstract

Covalent organic frameworks (COFs) are intrinsically designed to accommodate
guest molecules in their tuneable, structurally regular pores, which are characterised by
high surface areas and large pore volumes. The design of COFs with unique chemical and
physical properties, can be extended to the incorporation of active pharmaceutical
ingredients (APIs) as guests, to create COF drug carriers. This novel application of COFs
to the field of therapeutics, provides an alternative route to (i) enhance the loading
capacity of nanoparticle drug delivery systems, (ii) effectively increase drug solubility
and protection from degradation in biological environments, and (iii) provide additional
control on the distribution and release of the entrapped drug molecules. To date, the
development of COF networks, conjugated with smart stimuli-responsive polymers, for
use as drug carriers is very limited and unexplored, leaving a significant gap in literature.

The aim of this project was to address this gap by structurally engineering new
smart COF materials loaded with pharmaceutical molecules, and determining their
sensitivity and release response to target stimuli, in simulated physiological conditions.
Twelve distinctive diffraction patterns were obtained from four monomer combinations,
indicating the formation of new potential COFs, which are currently at different stages of
crystal structure determination. FTIR and hot stage microscopy results further confirmed
new linkage formation. A fully characterised new cage-based imine and ester linked COF
structure, synthesised from the 4 + 2 + 9 condensation of 2-amino-2-
(hydroxymethyl)propane-1,3-diol, C6, with terephthalaldehyde, C7, and with pyridine-
2,5-dicarboxylic acid, C8, using LAG and catalytic amounts of 1:1 1,4-dioxane:1,3,5-
trimethylbenzene, was used as the core of the nanocarrier system. Modification of its unit
cell parameters and atomic coordinates upon loading of 5-fluoro-1H-pyrimidine-2,4-
dione, C14, and conjugation of pH sensitive pyridine-2,6-dicarbaldehyde, C9, electro
sensitive  1,1’-ferrocenedicarboxaldehyde, C10, and UV sensitive 4-[(4-
aminophenyl)diazenyl]aniline, C11, indicated the physical adsorption of the molecules
into the pores and onto the surface of the framework. Control on the release of the loaded
API molecules was confirmed in vitro for the three final complexes, through an enhanced
release at the target stimuli, with the biggest increase exhibited by the C9 conjugated
complex, and a sustained release for the C10 conjugated complex. This demonstrates the
application of COFs as stimuli-responsive nanocarriers in drug delivery systems, which

by proof of concept can be extended to other frameworks, and APl and smart molecules.

Vi
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Literature Review

1. Literature Review

1.1.  An Introduction to Nanotechnology

Nanotechnology is a science involving the manipulation of matter on an atomic,
molecular and supra-molecular scale, in the size range of a few to several hundred
nanometres. Over the past two decades, nanotechnology has been actively employed in
the development of drug delivery systems, overcoming the limitations of conventional
carriers.

Nanoparticles range from 1 to 100 nanometres, making them 10,000 to 1,000 times
smaller than human cells, which on average measure a few micrometres in diameter. In
nanomedicine, size is often restricted to less than 200 nm. Any nanotechnology smaller
than 50 nm can easily enter any tissue and cell at a molecular level, while those smaller
than 20 nm can move out of blood vessels as they circulate through the body. [2]

The potential of nanotechnology for drug delivery, which has been extensively
reported and referred to in both scientific literature and the press, has been translated into
tangible outcomes. Different nanoparticles are currently used to benefit patients,
including liposomes, dendrimers, nanoshells, quantum dots and carbon nanotubes (Figure
1.1).
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Figure 1.1. Nanometre scale comparison of nanoparticles with other materials. [3]
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1.2.  The History of Controlled-Release Drug Delivery Systems

The first generation of controlled-release drug delivery systems was developed for
oral and transdermal administration back in the 1950s. These systems used a basic
mechanism of controlled-release, whereby the drug is released more efficiently at a slow
predetermined rate for an extended period of time. These formulations were developed
based on dissolution-, diffusion-, osmosis- and ion-exchange mechanisms. In the 1980s,
the second generation of controlled-release drug delivery systems was not as successful,
due to the limitations and difficulties of creating a closed self-regulating system that can
sense and evaluate its environment and adapt its release controlling abilities in response
to internal triggers.

It was at the beginning of the 21 century that the ongoing ‘nanotechnology fever’
started, on the assumption that nanosized materials would present different characteristics
than larger materials. This led to the application of nanotechnology in medicine
(nanomedicine) for diagnostic, therapeutic and prognostic purposes, and was later
extended for the improved treatment of cancerous tissues. The enhanced permeability and
retention (EPR) effect on nanoparticles increases their delivery and hence the
concentration of a drug around a tumour by 100 — 400 %, when compared with solution
formations. However, in spite of this, the majority of the total amount of administered
nanoparticles ends up in non-target sites. [4]

This has led to the exploitation of their distinct properties while overcoming their
challenges and limitations, including immunologic response, toxicity, target site
accumulation, and solubility amongst others. The ultimate goal in drug delivery is to
develop a system for the prevention, control and treatment of debilitating diseases,
delivering drugs more effectively to a target area. In spite of all the hype surrounding
nanotechnology, it is significantly difficult to physically achieve an efficient and

uncomplicated system to replace traditional non-nanoparticle systems.

1.3. From Non-Specific Targeting to Selective Targeting

Conventional drug delivery systems make use of systemic administration, i.e. blood
circulation, to distribute a drug throughout the body. This type of drug delivery is

classified under non-specific targeting because the whole body is exposed to the drug.
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Such systems are also potentially accompanied by serious side effects and poor drug
delivery to desired cells, depending on the nature of the drug being delivered.

The development of new selective therapeutic agents involves advanced polymer
chemistry and electronic engineering, to aid in the differentiation of specific parts of the
body. The main challenge is to differentiate the diseased cells from normal healthy cells.
The key objective in designing and developing new drug delivery systems is to engineer
the active pharmaceutical ingredient (API) in such a way as to (i) provide selective access
to target areas, (ii) provide an increased and accurate cellular uptake of the API, (iii)
effectively protect unstable drugs from degradation and/or denaturation, and (iv)
minimise systemic exposure, i.e. interaction with parts of the body that are not the target
of the API. [5, 6]

Nanotechnology has made selective targeting possible. Nanoparticles can be
designed and programmed to have unique chemical and physical properties, e.g. size,
shape, and surface characteristics, to assist therapeutic agents to pass through biologic
barriers, mediate molecular interactions and identify the desired cells. [7, 8, 9, 10, 11, 12,
13, 14] Selective targeting can be classified as either passive or active.

In passive targeting, nanoparticles make use of the physiological characteristics of
tumour biology to selectively accumulate there via the EPR effect. Tumour-derived blood
vessels (labelled as angiogenic vessels in Figure 1.2), are wide and leaky due to
abnormalities in their membranes. Pores between endothelial cells of their membranes
range between 100 and 780 nm, making it possible for nanoparticles to easily pass
through. Limited lymphatic drainage concentrates the nanoparticles at the site for an
extended period, further promoting the passive diffusion process by which the drug enters
the cells. [15, 16] The first nanocarrier-forms of passive targeting, marketed in the 1990s,
were based on liposomes. In fact, most of the currently approved liposomal drug delivery
systems are classified under passive targeting. As blood circulates the body, nanoparticles
are transported to target sites where, unlike drug solutions, they accumulate without
diffusion back into the bloodstream. When they reach tissues, they are simply subjected
to enzymatic degradation in order to release the drug which is then internalised by the
cells. [17]

Due to their high surface-area-to-volume ratio, most nanoparticles have an
encapsulation efficiency of around 10 %. [18] Increasing their loading capacity, i.e. the
percentage by mass of encapsulated drug molecules per nanoparticle, increases the

amount of drug delivered to the target site but also to other tissues around the body.
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Designing nanoparticles to be more selective in their drug release, reduces the
cytotoxicity to which healthy cells are exposed. This led to the investigation of drug
delivery systems having enhanced targeting.

In active targeting, nanoparticles are designed in such a way as to directly interact
with desired cells. Targeting moieties conjugated onto the surface (shown in Figure 1.2
as blue trapeziums), make the nanoparticles more specific to a target site. Two types of
active targeting have been developed: (a) specific receptor targeting, involving direct
ligand-receptor interactions, and (b) antibody mediated targeting, which involves
antibody-antigen recognition. At a molecular level, tumour cells have overexpressed or
unique receptors or antigens (shown in purple in Figure 1.2), differentiating them from
healthy cells. The targeting moieties, ligands or antibodies, use molecular recognition to
identify and interact only with cells having the corresponding receptors or antigens
respectively. Once interaction occurs, the whole nanoparticle is engulfed via receptor-
mediated endocytosis and the encapsulated drug is internalised by the cell. Binding to a
target non-internalising receptor and releasing the drug extracellularly (Figure 1.2 (ii)),
also makes the drug available to neighbouring cells lacking the target receptor. [19]

In ligand-receptor and antibody-antigen targeting, a high ligand or antibody density
on the surface of nanoparticles is possible due to the high surface-area-to-volume ratio of
nanoparticles. One example which has been quite promising, in both in vitro and in vivo
experiments, is the interaction between the folate receptor, which is overexpressed in
many tumour cells but absent in most human tissues, and the complementary folic acid
ligand, covalently conjugated onto nanoparticles using surface carboxyl groups. The
nanoparticle-ligand conjugates exhibited enhanced and selective targeting to folate
receptor-positive cells in vitro [20] and significant tumour suppression in vivo [21]. This
nanocarrier is currently in the clinical trial stage of development.

In active targeting, it is essential that the nanoparticle is highly-selective to
molecules expressing distinguishing features (receptors/antigens). Detecting target cells
rapidly and reducing non-specific binding to physiologically healthy cells, increases the
effectiveness of the drug while decreasing toxicity. The toxic API is predominantly
released at target sites or when a change in environmental conditions is encountered,
without being released into other parts of the body. Consequently, the occurrence of
serious side effects, such as organ damage, is significantly decreased and the patient’s

quality of life is greatly improved. The nanoparticles’ high binding affinity to the cell
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Figure 1.2. Schematic representation of passive tissue targeting (left) and active cellular
targeting (inset). The nanoparticles may (i) release the drug in the environment closely-
surrounding the cell; (ii) act as bound extracellular drug depositories for sustained
release; or (iii) undergo receptor-mediated endocytosis. [22]
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surface, also improves its distribution amongst the target cells. This can be achieved via
receptor-mediated transcytosis in cases where receptors are expressed. [23]

Additional advantages over the use of traditional drug delivery systems, include
protection of the drug against degradation by natural processes inside the body, and drug

delivery to areas of the body inaccessible to systemic administration.

1.4. Nanobased Targeted Drug Delivery Systems

All nanobased targeted delivery systems have three main components: (a) the
nanocarrier, a biologically inactive ingredient known also as the excipient, labelled as the
core in Figure 1.3, (b) the API, the pharmaceutically active ingredient, shown in purple,
and (c) the targeting moiety, conjugated onto the surface of the nanocarrier, shown in

blue.

Corona
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Figure 1.3. Schematic diagram of a multifunctional polymeric nanocarrier. [3]

1.4.1. The Nanocarrier

The nanocarrier family (Figure 1.4) currently includes lipid-based nanocarriers

such as liposomes and micelles, dendrimers, carbon nanotubes (CNTS), inorganic

nanocarriers such as quantum dots and gold nanoparticles e.g. nanoshells and nanocages,
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and polymeric nanoparticles (PNPs). The latter are the most commonly explored

materials for constructing nanobased drug delivery systems.

Figure 1.4. Different nanocarriers: Liposome, Dendrimer, Carbon nanotube,
Gold nanoshell (from left to right). [3, 24]

Liposomes are colloidal carriers consisting of an aqueous core entrapped by one or
more lipid bilayers. Lipid-based carriers are able to deliver both hydrophobic and
hydrophilic drugs. However, liposomal systems often lack targeted release properties,
depending solely on the EPR effect to achieve drug release at the target site. The
commercially available liposomal doxorubicin, Doxil® (Figure 1.5), is one such system
which is not capable of selective binding to target cells. Recent research on the post-
modification of the surface of the approved form, presented evidence of the increased
therapeutic efficacy when optimizing the current passive targeting form to a more

selective active targeting form. [25]

Methoxypolyethylene
Glycol Surface Coating

Doxorubicin .,

Liposomal Bilayer

Doxorubicin Hydrochloride
Encapsulated in Aqueous Core

Figure 1.5. Liposomal doxorubicin (Doxil®) formulation. [26]
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Dendrimers are highly-branched synthetic polymers originating from a nanosized
core, to form highly selective cavities and cages throughout the macromolecule.
Targeting moieties or imaging agents can be easily conjugated onto dendrimers to modify
their surface functionality. Classified under organic nanoparticles, dendrimers have well-
defined shapes, sizes and branching lengths. The promising polyamidoamine (PAMAM)
dendrimers (Figure 1.6), measuring less than 5 nm, branch out from a central molecule of
ethylene diamine, with the edgewise generation ending in primary amines. Cisplatin and
methotrexate are two drugs that have been successfully loaded into PAMAM dendrimers.
The resulting conjugates, tested in vivo, exhibited improved tumour reduction and lower

cytotoxicity when compared with the free drugs. [26, 27]

Figure 1.6. Polyamidoamine (PAMAM) dendrimers, branching out from a core
ethylenediamine molecule. Drugs may be loaded into intramolecular cavities (red) or
conjugated onto the surface. [27]

CNTs are simple layers of graphite rolled in a tubular shape, capable of exhibiting
single- or multi-walled morphology. Functionalisation of the large surface area of the
CNTs, through covalent or non-covalent attachment, improves their solubility in
physiological environments. Multi-functionalisation of their surfaces allows for the
attachment of different types of molecules having different functions. [28] Compared
with free doxorubicin and with the Doxil® formulation, the same drug conjugated onto
CNTs exhibited a higher loading efficiency, an enhanced therapeutic efficacy, and an

even lower cytotoxicity. Dissociation of this drug-nanoparticle conjugate (Figure 1.7) in
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acidic environments allows for the selective accumulation and targeted release of

doxorubicin in tumour cells, which have a slightly acidic extracellular pH. [29]
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Figure 1.7. Single-walled carbon nanotube (CNT) doxorubicin conjugate. [30]

Nanoshells are composed of a dielectric silica core, covered by a thin metallic shell,
usually gold. They can absorb or scatter electromagnetic radiation in the near infra-red
region, the transmission of which is optimal in tissues, to heat up tumour cells causing
irreversible thermal damage or to provide contrast for imaging purposes respectively. [31]
Due to their fluorescent nature, quantum dots are similarly ideal for imaging and detection
purposes. [32]

The application of gold nanoshells for drug delivery has also been reported. Hollow
gold nanoshell doxorubicin conjugates underwent intracellular release of the drug only
upon near infra-red laser irradiation. The resulting amplified cell-killing effect, from both
photothermal heat and the cytotoxic effect of the drug, was combined with a greater
loading capacity of the nanoshells, as high as 63 % by mass. [33, 34] Although
extensively researched for their characteristic features, inorganic nanoparticles present
the problem of unwanted long-term toxicity since they are not easily cleared from the
body.

The top most studied nanocarrier, PNPs, can be described as stable matrix-type
solid-colloidal particles. The dense matrix can be constructed out of natural polymers,
e.g. collagen, or from synthetic polymers, e.g. polylactic acid. [35, 36] Several
formulations are currently in pre-clinical development and clinical trials, while others are
already marketed, e.g. Abraxane®, an albumin-bound paclitaxel nanoparticle (Figure
1.8).
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Figure 1.8. Albumin-bound paclitaxel 130 nm nanoparticle
(Abraxane®) formulation. [37]

The route of administration of drug formulations, using these different nanocarriers
for passive or active targeting, may be invasive (intravenous, intramuscular,
subcutaneous) or non-invasive (topical, oral, nasal, mucosal), and in conjunction with the

location of the target site, greatly influences the characteristics of the chosen carrier.

1.4.2. The Active Pharmaceutical Ingredient (API)

The API is the component that provides a therapeutic effect. Nanobased drug
delivery systems have been approved for the treatment of tumours, neurodegenerative
diseases and infectious diseases, amongst others. The API can be encapsulated, entrapped
within the particle impregnating the structure in a uniform or spatially-localised way, or
conjugated onto the surface of the nanoparticle. For the latter, the drug may be physically
adsorbed or chemically linked to the surface. Weak intermolecular forces (van der Waals)
or stronger intramolecular forces (covalent and ionic bonds) render the drug molecules
coating the surface, immobile while also allowing for dissociation and release of the drug
in specific environmental conditions. It is vital that nanocarriers transport the drug
without any chemical modification, i.e. the API itself remains unaltered, so that upon

release at the target site, the expected and desired therapeutic effect is obtained.

1.4.3. The Targeting Moiety

The targeting moiety is a crucial component in active targeted drug delivery
systems, as discussed in section 1.3. It enhances selective penetration via molecular

recognition, i.e. it produces a chemical signal, acting as a compass and driving the

10
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nanoparticle, to which it is attached, to a particular target area. It also provides an
alternative route by which drugs enter tumour cells, possibly addressing the challenges
presented by multidrug resistance. Targeting moieties include small molecules, peptides,
proteins, fatty acids, sugars, aptamers and antibodies. Molecular biology techniques can
be used to engineer and design targeting agents, tailor-made to bind to specific
conformations on the cell surface.

The chosen targeting molecule must be conjugated onto the surface, so that it is
able to detect its complementary cell surface receptor molecule. Once in its vicinity, it
must bind and interact with it extracellularly, triggering an intracellular signalling
response — endocytosis of the nanocarrier. The interaction between the targeting moiety
and its complementary receptor, governs the binding affinity of the nanoparticle to the
cell surface, consequently affecting the amount of non-specific binding, in effect

determining the efficacy of the drug. [38]

1.5. Smart Nanobased Drug Delivery Systems

The last decade of the second generation of controlled-release drug delivery
systems (2000-2010) was centred on nanobased targeted systems, which allow for
distribution control of the drug. The incorporation of smart polymers, developed earlier
on as part of the second generation, into nanoparticle systems, allows for controlled-
release of the drug. [39] Achieving controlled-release is an important aspect of drug
delivery systems. The drug concentration at the target site needs to be within the
therapeutic window of the drug, i.e. a dose that will effectively produce the desired
therapeutic effect but still remains in the range of acceptable toxicity. Most of the carrier
systems discussed so far, depend on nanoparticle degradation and/or drug diffusion
through the matrix, in order to release the drug. Conversely, smart or intelligent systems
depend on the accurate and highly sensitive detection of endogenous or exogenous stimuli
for better control over drug release, making on-demand and pulsatile release patterns
possible.

Referred to as controlled-release technology (CRT), the drug is released in response
to time or physical or chemical stimuli, i.e. changes in its surrounding environment, e.g.

pH, enzymes, light, temperature, magnetic fields and ionic strength. Large changes in
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shape, volume, mechanical properties or permeation rates, are amongst responses
exhibited, depending on the type of stimulus.

Stimuli-responsive polymers can be found conjugated onto the surface of the core
or acting as linkers, binding drugs to the core. Otherwise, stimuli-responsive vehicles may
be constructed from nanocarriers that cannot change their structures in response to a
stimulus, such as polymeric micelles, using temperature, pH, magnetic field or UV
sensitive polymers. [40] The environmental conditions at the target site and the stability
of these polymers with respect to different stimuli, thus determine the release pattern of
the drug. By limiting the rate of release of medications throughout the body, CRT may
revive the use of drugs that were previously unsafe for disease treatment.

Drug delivery systems can be tailored to chemically recognise biomolecules, such
as enzymes, sugars and oligonucleotides. Due to their high specificity for functional
groups or particular types of chemical bonds, enzymes provide a large range of ideal
triggers. Differences in the type of hydrolytic enzymes intracellularly and extracellularly,
and between healthy and cancerous cells, allow the design of nanocarrier systems which
can selectively release the drug inside tumour cells. This is made possible by the
introduction of an enzyme-cleavable molecule as an integral part of the nanocarrier or as
a linker between the drug and the nanocarrier. The drug delivery system remains stable
while in circulation in blood plasma, but upon internalisation by cells, the enzyme-
sensitive polymer is irreversibly cleaved, such that the drug is released. [41] For example,
the p-glucuronide linker is hydrolysed by the intracellular enzyme f-glucuronidase.
Following linker cleavage at the glycosidic bond, the free drug is released via 1,6-
elimination, together with the loss of carbon dioxide (Figure 1.9). [42, 43] Such self-
immolative polymers undergo an intramolecular electronic cascade which allows for
signal amplification, when one linker cleavage triggers the release of more than one drug
molecule. [44, 45]

Similarly, hydrolysis of pH-sensitive linkers results in the release of the bound drug
molecules in areas having a lowered pH, such as inflammation zones, the extracellular
environment of tumour cells, and endosomes. Stable at neutral pH and in blood plasma,
which has a pH of 7.4, these linkers are cleaved in environments having a slightly acidic
pH between 4 and 6. Figure 1.10 shows the low pH-mediated degradation of hydrazones,
which leads to the simple and rapid release of the drug. This environment-responsive
cleavage is part of an antibody-drug conjugate, milatuzumab-doxorubicin, currently in

clinical trials. [46]
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Figure 1.9. p-glucuronide hydrolysis by the enzyme f-glucuronidase, followed by 1,6-
elimination to liberate the drug. X refers to O or NH. [47]
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Figure 1.10. Acid-mediated cleavage of hydrazone linkers. [47]
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Alternatively, instead of a degradation response, a lower pH may elicit a change in
the conformation or solubility of a polymer and ultimately the nanoparticle. This is
achieved through ionisation of polymers from a neutral to a charged state, e.g. the
protonation of amine groups in poly(N,N-dimethylaminoethyl) (DMAEMA) leading to
conformational rearrangements, [48] or from a hydrophilic to a hydrophobic state, e.g.
the ionisation of poly(N-isopropylacrylamide) (PNIPAm) based hydrogels leading to
swelling and phase separation. The ionisation generates electrostatic repulsion between
the polymers which results in a reversible structural or solubility change, in effect
triggering the escape of drug molecules. [49]

Temperature-sensitive drug delivery systems can be triggered to elicit a response
via external local cooling or heating within a specific time period. Pure PNIPAm is one
of the most studied thermo-responsive polymers. [50, 51] Hydrophilic at temperatures
below the lower critical solution temperature (LCST), it undergoes a reversible phase
transition, at 32 °C, to form hydrophobic globules in aqueous solution, allowing the
release of drug molecules. Copolymerisation of PNIPAm with DMAEMA results in
hydrogels that are both temperature and pH-responsive without reduction in their
sensitivity to the stimuli. The LCST is affected by the type and extent of chemical
modification on PNIPAm, allowing for control over the temperature at which the drug is
released. An LCST of around 40 to 42 °C is desirable, so that the drug is retained as part
of the nanocarrier at the average normal body temperature of 37 °C, but rapidly delivered
upon slight deviations from the physiological temperature. [49, 52]

However, due to the associated limitations of using temperature as an external
stimulus, temperature-responsive polymers are often substituted by or used in
combination with other stimuli-responsive materials, such as light-responsive molecules
or magnetic nanoparticles. Photo-sensitive polymers are chemically stable in the absence
of light, but are easily degraded when exposed to specific wavelengths. The photo-
sensitive Si—C axial bond on silicon phthalocyanines, is homolytically cleaved when
exposed to visible-near infra-red wavelengths, to release the conjugated photodynamic
therapy (PDT) drug in its active form (Figure 1.11). [53]

Recent advances in the development of photo-responsive materials have produced
systems exhibiting reversible structural changes in response to on and off cycles of light
stimuli or irradiation at different wavelengths, i.e. the stimuli-responsive polymer acts as
a gate or shutter opening and closing on-demand. [54] The reversible photoisomerisation

of azobenzene and its derivatives is one example which enables the pulsatile release of
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drug molecules, in contrast to the quick release achieved via traditional systems
exhibiting irreversible structural changes. [55]

Aex=660nm, H,O
AuNP-Pc227 =3 ThePDT drug:Pc 4

\
Au NP AuNP\

Figure 1.11. Photo-triggered release of the photodynamic therapy (PDT) drug, Pc 4,
from a drug precursor, Pc 227, covalently bonded onto gold nanoparticles via a thiol
group. [53]

Photo-sensitivity can also be used to elevate the local temperature at the target site.
The application of therapeutic drugs in combination with photothermal heat, as discussed
in section 1.4.1, demonstrates a synergistic effect which improves efficacy, through near
infra-red irradiated gold nanoshells. A therapeutic effect can alternatively be combined
with a diagnostic effect, through magnetic nanoparticles such as magnetite, which act as
contrasting agents for imaging purposes, such as magnetic resonance imaging (MRI).
This not only allows for visualisation of the nanovehicles, but also for their controlled
guidance under the influence of permanent magnetic fields. Upon accumulation of the
nanocarrier at the target site, where chemotherapy is achieved through burst release,
external stimulation of the magnetic nanoparticles using oscillating magnetic fields
generates heat, a process termed hyperthermia, thereby destroying diseased cells.
Thermal ablation only affects the desired cells in which the nanocarriers accumulate.
Normal healthy cells are left unaffected by the applied magnetic field. Unlike the near
infra-red irradiation-triggered inorganic nanoparticles, magnetic nanocarriers present a
diluted potential of long-term toxicity, because they degrade to iron ions in acidic
environments. [56] Quantum dots may similarly act as multifunctional theragnostic

nanosystems, combining therapeutics with diagnostics. Composed of semi-conducting
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materials, quantum dots act as fluorescent probes by emitting light in the range of blue to
infra-red wavelengths, for imaging purposes. When conjugated with APIs, they provide
an additional therapeutic effect without compromising fluorescence intensity.
Nonetheless, the problem of long-term cytotoxicity still remains. [57]

Controlled-release in drug delivery systems can be further improved by increasing
sensitivity to more than one stimulus. Combining magnetic nanoparticles with
temperature-sensitive polymers allows for an on-demand pulsatile drug release. The
application of an alternating magnetic field onto the magnetic nanoparticles results in the
generation of heat, an increase in temperature, which in turn triggers a structural or
solubility response from the temperature-responsive polymers. A more controlled,
pulsatile release pattern is achieved through on and off cycles of the magnetic field
stimulus. [58, 59] The conjugation of photo-sensitive and temperature-responsive
polymers, follows a similar mechanism. [60] Despite their appeal, the translation of drug
delivery systems, combining two or more stimuli-responsive materials, into
pharmaceutical developments is very complex, and most systems have yet to prove their

viability in vitro and in vivo.

1.6. Essential Parameters for the Development of Nanocarrier Systems

In nanomedicine, the remarkable development of active targeting and controlled-
release must be accompanied by the development of materials tailored for their specific
application in the human body. It is essential to ensure the safety of the drug delivery
system, i.e. safe transport and release of the drug, and minimal cytotoxicity combined
with the biocompatibility of the material. Proof of efficacy, drug loading, release kinetics
and biodegradability of the system are also key to determining the nanocarriers’
interaction with the body. [61]

At less than 100 nm, nanocarriers can enter all cells by endocytosis, unlike larger
particles which can only be taken up by macrophages. Although this allows for a less
limited distribution in vivo, which in part can be controlled by tuning the nanosystem’s
size, it also presents an increased toxicological risk. Particle size also affects the degree
of drug loading and the release profile of the conjugated drug. The smaller the
nanocarrier, the larger its surface-area-to-volume ratio, such that drug molecules are more

likely to be positioned on the outermost surface, as compared with their possible
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encapsulation within larger nanocarriers. Furthermore, entrapped drugs are released at a
slower rate than conjugated drugs. [62] When post-synthetic adsorption or absorption
methods are used, the drug loading capacity is dependent on the solubility of the drug in
the nanomaterial. Hence, composition, molecular weight and chemical interactions
between nanoparticles and drug molecules, are all factors that should be considered.
Nonetheless, a high API density, much higher than in other drug carrier systems, is
possible due to the high surface-area-to-volume ratio of the nanocarriers. [63]

The type and strength of the interaction between the nanomaterial and drug
molecules also affect the rate of drug release. This interaction needs to be stable enough
to deliver the drug to the desired area but also reversible so that desorption is achieved at
the target site. Additionally, nanoparticle degradation and drug diffusion through the
carrier, aid in the release of the drug. Release rates can also be adjusted through the use
of stimuli-responsive linkers binding drugs to the core, as discussed in section 1.5, or
through surface or pore surface functionalisation of porous nanocarriers. Inorganic
mesoporous solids, such as mesoporous silica nanoparticles (MSNs), have high order and
discrete pores, into which drug molecules can be entrapped. Their tuneable nanoparticle
size combined with a narrow pore size distribution and a high surface-area-to-pore-
volume ratio, allow high loading capacities of differently-sized drug molecules. Selective
surface functionalisation allows MSNs to achieve specific interactions with drugs,
controlling the rates at which drug molecules are released. One of the most common
MSNs, SBA-15, was found to effectively control the rate of release of ibuprofen, when
functionalised with amine groups. [64] Stable to pH, mechanical stress, heat and
hydrolytic degradation, the drug release properties of functionalised MSNs make them
suitable for controlled drug delivery. [65]

The biocompatibility of a material refers to its ability to elicit an appropriate host
response in a specific situation. When the body is exposed to foreign materials, an
immunologic response is triggered to immediately remove them, creating a biologic
barrier to nanocarrier systems. [66] When biocompatible surfaces come in contact with
bodily fluids, the severity of this adverse response is reduced. The biocompatibility
parameter is therefore highly dependent on the tolerability of anatomic environments to
interactions between a specific nanocarrier and tissues, on the duration of exposure and
on the route of administration. If a nanomaterial induces an adverse effect in a particular
tissue type, it will not necessarily provoke the same or similar response in a different

tissue or application.
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Surface charge of nanocarriers is one important factor that has been found to affect
the immune response, with a negatively charged surface evoking a lesser response than a
postively charged one. Additionally, surface modification of nanocarriers by hydrophilic
polymers can also decrease the strength of tissue reaction. One of the most commonly
used hydrophilic polymers is polyethylene glycol (PEG), covalently bonded to
nanocarriers as functionalised PEG derivatives. Conjugated onto the surface of drug
delivery systems as part of the corona (Figure 1.3), PEG repels certain plasma proteins,
by forming condensed high energy conformations, and effectively reduces interaction and
uptake by phagocytic cells involved in the elicited immune response, via a steric shielding
effect (Figure 1.12). This improves the systems’ biocompatibility, and in turn prolongs
the nanocarriers’ circulation lifetime in the bloodstream, increasing the drug’s
bioavailability and subsequently reducing dosing frequency. [67, 68]

PEGylation, however, also has its weaknesses, including the possibility of
antibodies that clear PEGylated nanocarrier systems from the body, limiting its duration
and effectiveness inside the body. Other commonly used polymers include dextran,
zwitterionic  polymers, and polyglycerols. [69, 70, 71] In conjunction with
biocompatibility, particle size can also be used to further improve the systems’ circulation
lifetime, as it affects the rate of clearance of nanocarriers from the bloodstream, with
nanocarriers ranging from 50 to 300 nm removed slower than larger nanoparticles. [72,
73]

Human plasma

[ ——

Naked particle High protein binding

Human plasma

PEGylated particle low protein binding

Figure 1.12. Comparison of the triggered protein adsorption immunological response
for naked and PEGylated nanoparticles. [74]
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Testing for a nanocarrier’s biocompatibility during preclinical stages, involves a
combination of in vitro and in vivo studies since findings from the former do not predict
the latter’s outcomes. A more in-depth understanding of the complex interactions and
mechanisms involved in biocompatibility is required and would prove invaluable in
designing better drug nanovehicles. [61]

After surviving immediate clearance and providing the desired therapeutic effect,
degradation or at best, removal of the empty nanoparticles from the target site in a timely
manner, is imperative. This prevents the build-up of a physical barrier against the delivery
of fresh nanoparticles at the desired site. The biodegradable parameter of nanocarriers is
thus important to avoid irreversible accumulation and hence limit the toxicity risk. PNPs
are often constructed using biodegradable, naturally occurring polymers, such as gelatin
and chitosan, or synthetic polymers, including polylactic acid (PLA) and poly(lactic-co-
glycolic) acid (PLGA). Biodegradable materials undergo degradation in vivo to form
toxicologically safe and biocompatible by-products, such as alcohol, acids and low
molecular weight products. Elimination of these by-products is then easily carried out via
normal metabolic pathways. PLA is hydrolysed to lactic acid while PLGA is hydrolysed
to its co-polymer substituents, lactic acid and glycolic acid, both naturally produced in
the human body during metabolism. [75, 74, 76]

In spite of all efforts, the total amount of administered nanoparticles accumulated
at the target site is often only increased by a small percentage, compared with non-specific
targeting. All administered nanoparticles depend on blood circulation to reach target sites,
resulting in a majority of nanoparticles ending up in non-target sites. Additionally, the
drug may leak out of the nanoparticle during circulation. The EPR effect limits diffusion
of target site-accumulated nanoparticles back into the bloodstream, such that there is an
overall increase of nanoparticles at the target sites. However, active targeting does not
increase the chances of nanoparticles reaching the target sites. Rather, it makes their
interaction specific to desired cells, once at the target sites.

These technologies do not yet represent a ‘magic bullet’, as postulated by Paul
Ehrlich’s revolutionary concept, which goes straight to the target site and only interacts
with desired cells. Although their evolution started around seventy years ago, the current
reality is that these systems are distributed throughout the body, significantly interacting
with the target receptor, but still interacting with non-target sites albeit to a lesser extent,

limiting side effects. Nonetheless, his vision of ‘aiming precisely’ has been of valuable
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inspiration for the significant achievements made in the field of disease management,
bridging the divide between chemistry, biology and medicine. [77]

1.7.  An Introduction to Covalent Organic Frameworks (COFs)

From the discussed nanobased drug delivery systems, PNPs are possibly the most
effective carriers, as they consist of a biodegradable matrix having a higher loading
capacity and circulation time than the other nanocarrier systems. Additionally, they are
found to be more stable in vivo, with a more homogenous size distribution and can deliver
multiple synergistic drugs simultaneously. Similar to MSNs and porous materials, these
nanoparticles can provide controlled-release profiles, via diffusion of drug molecules
through the matrix and/or degradation of the matrix itself. In spite of the low number of
approved nanoparticle formulations, PNPs have been widely studied in regards to cancer
therapeutics, and are regarded as huge potential nano-platforms in this field.

Covalent organic frameworks (COFs) are a recently developed class of crystalline
porous polymers that allows the atomically precise integration of organic units, to create
predesigned skeletons and nanopores. They are entirely composed of light-weight
elements (Hydrogen, Carbon, Nitrogen, and Oxygen) through covalent bonding,
integrated into extended porous networks in 2 or 3 dimensions. Highly ordered and
characterised by discrete pores, COFs can thus be classified under PNPs.

The first 2D members, COF-1 (Figure 1.13) and COF-5 (Figure 1.14), were
successfully synthesised in 2005 through a one-step condensation reaction of discrete
molecules, under solvothermal reaction conditions that are efficient and high-yielding.
[78] Exhibiting a boroxine and a boronate-ester linkage respectively, these boron-based
frameworks are however easily susceptible to hydrolytic degradation by water molecules
in air.

This first 3D members, COF-102 and COF-103, were then synthesised in 2007 also
through a one-step condensation reaction, using tetrahedral monomers with a higher
Brunauer-Emmett-Teller (BET) surface area. [79] This led to an increased pore volume
and lower density of the constructed structures. Boron-based, these frameworks were
however also susceptible to attack by water vapour. Thus, new types of linkages were
developed (Figure 1.15), including (i) covalent triazine-based frameworks (CTFs)

synthesised through the cyclo-trimerisation of nitrile building units via harsh ionothermal
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conditions of molten zinc chloride at 400 °C [80, 81]; (ii) hydrazone linkages synthesised
through the dehydration of hydrazide and aldehyde monomers [82]; and (iii) Schiff-base
type, imine linkages synthesised through the co-condensation of aldehyde and amine

monomers [83].

|
1y

Figure 1.14. COF-5 with a five-membered boronate-ester linkage (inset). [78]

21



Literature Review

e, 0T 0

Figure 1.15. Covalent triazine-based linkage (left), hydrazone linkage (middle), and
imine linkage (right). [84]

Crystalline in nature, these materials allow the formation of a monodisperse size
distribution of stable well-defined pores, through their atomically precise skeletons and
structural homogeneity. Microscopic reversibility is thus an essential requirement for the
synthesis of crystalline COFs. This was achieved through thermodynamically controlled
dynamic covalent chemistry (DCC) which allows the formation, breakage and
reformation of covalent bonds, leading to stable structures where the polymer skeleton
forms alongside the crystallisation process, resulting in an ordered structure having
discrete pores. The reversibility involved in DCC also allows for error-checking, thereby
reducing the incidence of structural defects. Additionally, to ensure that the rigidity and
structural integrity of the monomers are not modified during framework formation,
reticular chemistry is employed to assemble previously designed rigid secondary building
units into predetermined networks held together by strong bonding.

Reaction conditions, including temperature, pressure, solubility, and chemical
kinetics, also have an effect on the reversibility required for the formation of COFs.
Therefore, synthetic routes must be carefully chosen. Various synthetic techniques have
been used to construct COFs. The first frameworks were synthesised via the solvothermal
method, by which monomers and solvents are placed in a sealed tube and heated under
pressure, to a predetermined temperature between 85 and 120 °C, for the designated time.
[78] Although this route allows for slow dehydration and reversible conditions, the
resulting material is collected as a solid powder, which may limit its application as an
interface in electrodes and devices. Oriented thin-film synthesis on single-layer graphene
was hence developed in solvothermal systems, to create planar insoluble monolayer COFs
for use in optoelectronic devices. [85, 86] Another synthetic technique, microwave-
assisted synthesis, often replaces the solvothermal method, as it does not require a sealed

vessel. Accelerating chemical reactions, microwave irradiation promotes better porosity
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and provides the possibility for large-scale synthesis. Through a microwave extraction
and purification step, residues and impurities trapped in the pores of the framework are
removed more efficiently, freeing up occupied pores and hence promoting better porosity.
[87, 88]

Sonochemical synthesis makes use of acoustic cavitation, i.e. the formation and
collapse of bubbles in solution, to produce exceedingly high local temperatures and
pressures, which result in fast heating and cooling rates, and accelerate the crystallisation
rate. Creating smaller crystals than solvothermal synthesis, this technique is very
economical with low power consumption. [89] An alternative simple, solvent-free
construction of COFs, is through mechanochemical solid-state synthesis. Large amounts
of monomers are brought close together by a catalytic amount of solvent, increasing the
reaction rate upon grinding. Referred to as liquid-assisted grinding (LAG) synthesis, this
technique increases the product to solvent ratio and improves crystallinity of the resulting
material when compared to neat grinding. [90, 91]

Due to the diversity of available building units and the different linkages formed,
COFs can be designed and programmed to have unique chemical and physical properties.
Additionally, the structure of the building monomers, i.e. their molecular length and size,
the relative orientation of functional groups, i.e. their symmetry, and the chemical and
physical environments of crystallisation, such as temperature and pH, can be adjusted to
govern the size and structure, surface area and available unoccupied volume of the
channel/pore of the framework. This allows a tunability parameter to be added to the
COFs’ pore size uniformity. COF porosity can be tuned through (i) a bottom-up approach,
using increasingly long building monomers [92], alkyl functionalised building units [93],
functionalised open docking sites [94], and monomer truncation [95]; (ii) post-synthetic
engineering of the skeletons [96]; (iii) the incorporation of smart molecules, stimuli-
responsive in nature [97]; and (iv) extension of the reaction time [98].

This permanent yet tuneable porosity of COFs, is combined with large surface
areas, high thermal stabilities, and the lowest mass densities of any organic material. This
unique combination of characteristics has led to immense interest in these materials over
the last ten years, with the design of COFs specifically tailored for their application in
optoelectronics [99, 100], adsorption and storage of hydrogen, methane, carbon dioxide
and ammonia gases [101, 102], and heterogeneous catalysis [103], amongst others.

The COFs ability to accommodate guest molecules in their pores, demonstrated

through their application for gas adsorption and storage, can be further extended to the
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incorporation of APIs as guests, to create COF drug carriers. Owing to their high and
tuneable porosity, COFs are intrinsically designed to potentially overcome the
encapsulation efficiency, loading capacity, and controlled- and sustained-release
limitations of certain nanoparticles, providing an alternative route to enhance the drug
loading capacity of nanoparticles and additional control on the release of the entrapped

drug molecules.

1.8. Metal Organic Frameworks (MOFs) as drug carriers

Metal Organic Frameworks (MOFs) are a closely related class of crystalline porous
polymers. Prior to the synthesis of COFs, the concepts of reticular chemistry and DCC
were initially used to create MOFs. First reported in 1999 by Yaghi, MOFs make use of
a functional variety of organic polytopic linkers to integrate inorganic metal ions or
polyatomic metal-containing clusters into predesigned networks. [104]

MOFs were also the first of both to be used as nanocarriers in the field of
therapeutics. Providing a rigid and stable closed network having permanent well-defined
pores, with a narrow pore size distribution and tuneable parameters, similar to COFs,
MOFs are able to accommodate a high loading capacity of drug molecules. However,
their microporous nature restricts the size of guest molecules, significantly limiting their
efficient use for controlled-release drug delivery. This problem was bypassed in 2004
through the development of mesoporous metal (Cr) carboxylates, having pore diameters
over 2 nm and complemented by unparalleled surface areas, without compromising the
materials’ crystallinity. [105]

In 2006, these materials, named as MIL-100 and MIL-101, having cage sizes of
25 — 29 nm and 2.9 — 3.4 nm respectively, were then studied with regards to the
adsorption and delivery of ibuprofen, an anti-inflammatory drug. A number of
characterisation techniques determined that the structural framework of both materials
was retained after their dehydrated forms were loaded from a hexane solution of the drug.
Nitrogen adsorption data showed remarkable adsorption of the drug molecules, with no
remaining porosity left accessible for nitrogen. At 33 and 58 % respectively, the
exceptionally high loading capacity of MIL-100 and MIL-101, is much higher than that
of PNPs at around 6 % and that of liposomes at 0.4 %. [106] This means that only very
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small amounts of the drug-MOF conjugate would be required to deliver high drug doses,
assuming complete release as demonstrated in vitro.

Tuning of the pore size controls the extent of drug adsorption. The 0.48 x 0.58 nm
pentagonal apertures of the MIL-100 smaller cages, close to the size of the ibuprofen
molecule (~ 1.0 x ~ 0.5 nm), limited drug loading to a selective occupation of the larger
cages, accessible through 0.86 nm hexagonal apertures. Conversely, the large 1.2 nm and
1.47 — 1.6 nm pentagonal and hexagonal apertures of MIL-101, allowed ibuprofen
introduction into both the smaller and larger cages, which easily accommodated between
56 and 92 drug molecules respectively. MOFs can thus act as molecular sieves, with one
guest selectively occupying the largest pores while the smaller empty cages host another
differently-sized guest. [107] Controlled-release of the drug molecules took place over 3
and 6 days respectively for MIL-100 and MIL-101. At pore walls, interactions between
the framework and the drug molecules take place via r-x interactions between the organic
linkers and the aromatic rings of the ibuprofen molecules, and through van der Waal
forces. Inside the pore volume, interactions between drug molecules are weaker and the
first to be broken. [107] Sustained release is exhibited via breakage of these interactions,
I.e. desorption of the drug molecules, exchange of the guest molecules with ones from the
aqueous physiological medium, and subsequent diffusion of the drug from the pores.

Utilising the same concept, the rest of the Materials of Institut Lavoisier (MIL)
family, all characterised by very large pores and surface areas, could be similarly applied
for the delivery of challenging antiviral or anticancer drugs. Different trivalent metal
cations, including aluminium(I1l), chromium(ll), iron(111), and vanadium(ll1), have been
used to synthesize MIL-n type compounds. A change in the identity of the metal centre
results in an altered toxicity of the carrier, and has been used to construct less-toxic
analogues, such as MIL-101(Fe) instead of MIL-101(Cr) and MIL-53(Fe) instead of MIL-
53(Cr). [108, 109] In vivo studies of pure porous iron(lll) carboxylate frameworks,
resulted in the absence of an immune response, indicating that these materials were
biocompatible and presented very low toxicity. [106]

Structurally-flexible frameworks adapt their pore size to the dimensions of the drug
molecules, upon adsorption, optimising the interactions involved between the two. The
type and extent of this pore size flexibility depend on the nature of the guest molecules,
the identity of the metal centre, and the temperature. In MIL-53, a metal
hydroxoterephthalate, this reversible breathing effect occurs through the formation of

strong hydrogen bonding with water molecules, and their breakage upon dehydration.
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Without altering the chemical bonds of the framework, similar interactions with different
guest molecules, such as ibuprofen, have shown an extended release time of the drug over
three weeks. [109] Thus, the stronger the interactions between the drug and the
framework, the stronger the confinement effect and the energy barrier, leading to a longer
release time achieved by the carrier. Furthermore, functionalisation of the pore surface,
apart from providing a regular site for the post-synthetic docking of drug molecules, can
also be used to impart a positive or negative charge to the pore, for better entrapment of
hydrophilic drugs having opposite charges. [110] The introduction of basic (—NH,) or
acidic (—OH or —COOH), polar (—Cl or —Br) or apolar (—CH3) groups in MIL-53(Fe),
successfully carried out through direct synthesis using differently functionalised organic
linkers, demonstrates that intraframework interactions between functionalised linkers
also affect pore volume variations. Nonetheless, these intraframework interactions may
be counterbalanced by interactions between the functionalised framework and guest
molecules. [111]

In spite of these advantageous characteristics for drug delivery, the systemic
circulation in vivo of MOFs is limited by their large particle size, often > 200 nm. Scaling-
down MOFs to the nanoscale range, allows for their improved implementation as drug
delivery nanovehicles. Modification and control of the reaction conditions, e.g.
temperature, time, and volume, of synthetic methods, including solvothermal,
sonochemical and microwave techniques, have been employed to generate nanoscale
MOFs (NMOFs). The synthesis of NMOFs was first reported in 2009 for nanoMIL-
101(Fe), onto which a fluorophore and an anticancer agent were separately, post-
synthetically loaded (Figure 1.16). The biodegradable nanoparticles were then coated
with a thin silica layer in order to enhance their stability in vitro and slow down
framework decomposition and guest molecule release. Functionalisation of the silica
layer with a cyclic peptide complementary to specific overexpressed tumour receptors,
further increased the efficacy of the drug. [112] Conjugation of both the fluorophore and
the anticancer agent onto the same NMOF, would create a multifunctional theragnostic
nanosystem, combining therapeutics with real-time monitoring, enabling personalised
patient treatment.

The loading of guest molecules into porous frameworks was initially achieved by
soaking the material in a saturated solution of the molecules. This introduced an
additional parameter — choice of solvent — that influences the loading process. Moreover,

as observed for the release time, the kinetics of entrapment depend on the strength of the
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interaction between the drug and the framework, such that the stronger these interactions,
the slower the diffusion of guest molecules into the pores. [113] In 2010, the biologically
active molecule, nicotinic acid, was incorporated into an iron-based MOF through the
bottom-up approach, replacing the organic linker between metal ions. The resulting
therapeutically-active MOF, Bio-MIL-1, exhibited an even higher ‘loading capacity’,
than MIL-101, at 71.5 %, allowing even smaller amounts of the formulation to administer
high API doses. Framework degradation takes place over 1 hour, quickly releasing
nicotinic acid molecules, in a phosphate buffer solution (PBS) at 37 °C and a pH of 7.4,
simulating physiological conditions. In spite of the rapid degradation and associated
release, the integration of a drug molecule as part of the network, provides an alternative
to the need for large-sized pores to accommodate the molecules. Furthermore, it switches
the toxic effect due to the organic linkers with a desired therapeutic effect from the drug

molecules, resulting in an overall reduced cytotoxicity of the MOF. [114]

Figure 1.16. Post-synthetic loading of the fluorophore 1,3,5,7-tetramethyl-4,4-difluoro-
8-bromomethyl-4-bora-3a,4a-diaza-s-indacene (Br-BODIPY) or the anticancer agent
cisplatin prodrug, shown in green, onto amino groups in NMOF-101(Fe), and
subsequent coating of the nanoparticles with silica. [112]
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Incorporation of stimuli-responsive molecules into NMOFs has recently generated
smart NMOF drug delivery systems. The design of these materials was based on the
previous functionalisation of MSN-drug systems with stimuli-responsive nucleic acids.
Supramolecular nucleic acids can act as ‘DNA switches” when exposed to appropriate
triggers and counter-triggers, such as pH [115], heat [116], enzymes [117] and light [118].
Drug-loaded NMOFs capped with stimuli-responsive nucleic acids via click chemistry
[119, 120], or coated with an acrylamide hydrogel crosslinked with nucleic acid duplexes
[121], exhibit selectivity and improved control on the release of the entrapped drug
molecules. Similar to the responsive systems discussed in section 1.5, reversible structural
reconfiguration, i.e. unlocking, of the nucleic acids is respectively triggered by acidic pH,
characteristic of tumour extracellular microenvironments, or the adenosine triphosphate
(ATP) biomarker, overexpressed in many tumour cells. Incorporation of nucleic acid-
based hydrogels improves on the loading capacities and background leakage resulting
from drug-filled pores incompletely-capped by nucleic acid gates.

Bifunctional caps have been developed to add an active targeting aspect to the
stimuli-responsive property of nucleic acids. This was achieved through the conjugation
of a targeting aptamer, of which the complementary receptor is expressed on diseased
cells, and a biomarker-sensitive aptamer, having an overexpressed corresponding protein,
as part of the nucleic acid duplex. The former aptamer facilitates identification of the
diseased cells, while the latter enables reversible unlocking of the nucleic acid gates to
release the entrapped molecules. This further improves the efficacy of the bifunctional
capped NMOFs, combining active targeting with controlled-release. [122]

Zeolitic imidazolate frameworks (ZIFs), a subclass of MOFs, have also been used
to construct controlled-release drug delivery carriers, due to their decomposition in acidic
pHs and their stability at physiological pH. [123, 124] This led to the development of a
new hybrid nanocarrier system having a core of nanoparticles made from bovine serum
albumin protein and doxorubicin drug molecules, coated with a thin pH-sensitive ZIF-8
shell (Figure 1.17). The ZIF-8 framework imparts its pH-responsiveness to the hybrid
material, safely storing doxorubicin under physiological conditions. This was
demonstrated through the release, at pH 7.4, of less than 8 % of the drug molecules from
hybrid nanocarriers over 24 hours, compared with the release of more than 60 % of
doxorubicin, over 4 hours, in the absence of the ZIF shell. Conversely, in an acidic pH of
5, the ZIF shell first undergoes dissolution during which no doxorubicin is released. After

complete dissolution of the ZIF layer over 3 hours, most drug molecules are released
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within a 24-hour period. These hybrid materials are characterised by an enhanced efficacy
over free doxorubicin and ZIF systems, owing to the combined biocompatibility of the
protein and pH-responsiveness of the ZIF. Loading capacity, at an obtained maximum of

19 %, is however limited by changes in the morphology of the hybrid system. [125]
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Figure 1.17. Synthesis of the core nanoparticles and their coating with a ZIF-8 shell, to
create the hybrid nanocarrier formulation. [125]

Presented as hybrid inorganic-organic solids, the design possibilities of similar
MOFs are massive, allowing the construction of new compositions and topologies
tailored for specific drug molecular structures and dosing requirements. Their
biodegradability further corroborates the use of NMOFs as nanocarriers. The metal to
ligand bonds forming the network are relatively labile, allowing the frameworks’
breakdown into simpler by-products and preventing their irreversible accumulation inside
the body. Major framework degradation, in PBS, for specific MIL frameworks e.g. MIL-
100, starts after 7 days, creating a window for sustained release of the drug. Conversely,
for other MIL networks e.g. MIL-101(Fe), degradation is rapid, leading to burst release
kinetics of the drug. For other systems, such as the smart hybrid protein-ZIF nanocarriers,
drug release is stimuli-dependent. Although their application as drug carriers is
remarkable, NMOFs present the problem of unwanted cytotoxicity, much like the
previously discussed inorganic nanocarriers, due to the presence of metal-containing

inorganic linkers alongside organic building units. Some metals are found in notable
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amounts inside the body, such as iron and zinc. However, there is yet limited data on the

interactions involved between NMOFs and biological systems.

1.9. Covalent Organic Frameworks (COFs) as drug carriers

The absence of metal ions in COFs, in itself lowers the degree of unwanted
cytotoxicity. [126, 127, 128] This is a key feature essential for the COFs’ more extensive
use as drug carriers. Their application as nanocarriers in the field of therapeutics was first
reported in 2011, around six years after MOFs were first studied with regards to drug
delivery. The drug of choice was once again ibuprofen, loaded from a hexane solution,
into a triazine-piperazine-based porous aromatic framework (PAF) synthesised from
cyanuric chloride, a trigonal planar linker, and piperazine, a linear linker, via a one-step
nucleophilic substitution and polymerisation reaction over four hours, under mild
conditions (Figure 1.18). The PAF-6 2D framework, insoluble in organic solvents, is
characterised by an ordered plate-shaped morphology made of wavy covalent sheets and
a uniform micropore size of 1.18 nm. In vitro testing in PBS pH 7.4 demonstrated an
almost complete release of ibuprofen molecules over 46 hours, with an initial burst release
over the first 10 hours (Figure 1.19). Although this is comparable to the release patterns
of some of the MOFs discussed in section 1.8, it nonetheless provides a promising

alternative for drug delivery. [129]
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Figure 1.18. PAF-6, a 2D triazine-piperazine-based framework. [129]
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Figure 1.19. The release pattern of ibuprofen from PAF-6 in PBS pH 7.4. [129]

The high electron density of a triazine-based framework, due to the free lone pair
of electrons present on the large number of nitrogens, allows for the binding interaction
with drug molecules upon loading. Similar to the application of PAF-6, this led to the
development of a nanoscale covalent purely-triazine-based framework (NCTF) better
suited for drug delivery, due to the nanometre size of the framework particles. Conversely
to the traditional harsh conditions of ionothermal CTF synthesis, the framework was
synthesised from cyanuric chloride, the same trigonal planar linker used for PAF-6, and
biphenyl, a linear linker, via a Friedel-Crafts reaction over 16 hours, under mild
conditions [130]. The resulting 2D CTF was scaled-down to the nanosize range, forming
NCTFs, via sonication for 30 minutes. Characterised with 1.21 nm micropores, the 2D
NCTF accommodated doxorubicin molecules through hydrophobic and n- interactions,
upon drug loading from PBS over 24 hours. Drug release was rapid during the first 24
hours, with a pH of 4.8 accelerating the release in PBS at 37 °C, when compared with a
pH of 7.4 (Figure 1.20). [131] This resulted through the protonation of doxorubicin at
acidic pH, minimising the hydrophobic interactions with the framework. [132] This pH-
sensitivity allows the selective release of doxorubicin in acidic extracellular environments
of tumours. Additionally, the efficacy of doxorubicin was considerably increased when
compared with free doxorubicin molecules, due to a greater amount of drug molecules

being delivered through the framework. Furthermore, in vitro studies on the NCTF
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indicated that the pure framework was non-toxic, thus eliminating any cytotoxicity arising

from the nanoparticle itself. [131]
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Figure 1.20. The release pattern of doxorubicin from NCTF in PBS pH 4.8 and 7.4.
[131]

Utilising the same synthetic concept, biphenyl building units were substituted by
tetraphenylporphyrin  monomers, to construct a predominantly mesoporous 2D
porphyrin-based CTF, which was then loaded with ibuprofen molecules from a hexane
solution over 12 hours. At a loading capacity of 19 %, the amorphous porphyrin-based
CTF rapidly released 70 % of the loaded drug molecules during the first six hours, at
37 °C in PBS pH 7.4, slowly reaching 90 % over 48 hours. Although this structure
presents a higher loading capacity, it exhibits reduced control over the release of the guest
molecules, when compared with the previously discussed NCTF. [133]

Evolving from a triazine-piperazine-based PAF to a purely triazine-based COF, a
triazine-imine-based COF was next studied as a drug carrier. By eliminating the
possibility of keto-enol tautomerization, the lone pair of electrons on imine nitrogens was
free to reversibly interact with and anchor guest molecules through hydrogen bonding,
upon diffusion into the framework. The 2D triazine triphenyl imine (TTI) COF (Figure
1.21), synthesised from an equimolar mixture of two trigonal planar linkers triazine
triphenyl aldehyde and triazine triphenyl amine, exhibited a very high BET surface area
for the 2.4 nm mesopores, which have a narrow size distribution. Polyphenolic molecules

of quercetin, an anticancer drug, were loaded into the framework from a THF solution
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over 16 hours, interacting with the nitrogen atoms in the TTI-COF through hydrogen
bonding, without affecting the structural morphology of the framework. The high loading
capacity achieved, as indicated through a substantial reduction in the BET surface area,
was made possible through the formation of strong drug to framework interactions,
stabilising the molecules. Through in vitro experiments, the pure framework was found
to be non-toxic and biocompatible, while the drug loaded framework exhibited a faster

and enhanced efficacy of quercetin, compared to the free drug molecules. [134]

Figure 1.21. TTI-COF, a 2D triazine-imine-based framework. [134]

Research on another triazine-imine-based framework and a purely imine-based
framework, was reported in the same year, for the delivery of three different drugs. The
two nanoscale COFs (NCOFs), named PI-3-COF and PI-2-COF (Figure 1.22), were
synthesised via a condensation reaction between 1,3,5-triformylbenzene, a trigonal planar
linker, and triazine triphenyl amine, another trigonal planar linker, or 4,4’-
biphenyldiamine, a linear linker, respectively, under solvothermal conditions. [135] The
resulting 50 nm polyimine networks were characterised as having uniform 1.1 and 1.4 nm
micropores respectively, and relatively high surface areas, making them good potential
drug carriers.

Drug molecules having a molecular size comparable to the pore diameter of the
frameworks, were chosen and loaded from hexane solutions over six hours. A 30 %

loading capacity was reached for the anticancer drug 5-fluorouracil in PI-2-COF, and
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slightly lower in PI-3-COF due to its smaller pore size. Loading did not affect the
morphology of the framework, except for a minor expansion in pore diameter. [136] The
latter observation, accompanied by a reduced surface area, confirms the successful
loading of drug molecules into the pores of the framework, stabilised via strong hydrogen
bonding with framework nitrogens and n-m interactions between aromatic rings of drug
molecules and the framework. [137] In vitro testing revealed the low cytotoxicity and
good biocompatibility of the pure frameworks, release profiles extending over 3 days for
the loaded frameworks, and an increased efficacy of the drug-P1-2-COF system over the
drug loaded PI1-3-COF, owing to the higher loading capacity of the former. In spite of
this, the larger pore size of PI-2-COF is thought to result in an easier release of the drug

molecules than PI-3-COF does, thus giving similar release rates (Figure 1.23).
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Figure 1.22. 2D PI-3-COF (left) and PI-2-COF (right). [136]
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Figure 1.23. The release patterns of 5-fluorouracil, captopril and ibuprofen from PI-3-
COF and P1-2-COF in PBS pH 7.4. [136]

34



Literature Review

Loading and release of the two other drug molecules tested, captopril, administered
for the treatment of hypertension and heart failure, and ibuprofen, exhibited the same
tendencies as 5-fluorouracil. [136]

An enhanced pH-sensitive control on the storage and release of guest molecules
was reported for a new imine-linked DT-COF (Figure 1.24), synthesised from 3,3’-
dimethoxybenzidine (DMB), a linear linker, and 1,3,5-triformylbenzen (TFB), a trigonal
planar linker, via a Schiff-base condensation reaction under solvothermal conditions for
three days. Carboplatin (cis-diammine(cyclobutene-1,1-dicarboxylate)-platinum(ll)), an
anticancer drug, was loaded from an aqueous solution over 24 hours under dark
conditions. Insoluble in organic solvents, DT-COF is characterised by a high thermal
stability and a mesopore size of 3.0 nm. At a high loading capacity of 26.8 %, drug release
was initially rapid followed by sustained-release, over 120 hours, with a pH of 5.0 greatly
accelerating the release in PBS at 37 °C, when compared with a pH of 7.4 (Figure 1.25).
The pH-sensitivity of DT-COF is far more pronounced than that of NCTF, allowing for
better control on the storage at physiological pH and release at acidic pH, of the loaded

drug molecules. [138]
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Figure 1.24. DT-COF, a 2D imine-based framework. [138]
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Figure 1.25. The release pattern of carboplatin from DT-COF in PBS pH 5.0 and 7.4.
[138]

Improvement on the loading capacity and control on guest release, was also
reported for a new type of linkage, polyimide linkage, synthesised via a dehydration-
imidization reaction between linear pyromellitic dianhydride monomers and tetrahedral
building blocks, tetraaminoadamantane and tetra(4-aminophenyl)methane, under
solvothermal conditions. Named PI-COF-4 and PI-COF-5 (Figure 1.26), these polyimide
extended networks, with a diamond topology, were characterised by a narrow size
distribution for the 1.3 and 1.0 nm pores respectively.

The first 3D COFs to be studied for drug delivery, PI-COF-4 and PI-COF-5 were
loaded with ibuprofen molecules from a hexane solution for 2 hours. Retention of their
structural integrity was confirmed via powder X-ray diffraction (PXRD), with loading
capacities of 24 and 20 % respectively. Controlled-release was confirmed through release
profiles (Figure 1.27), which once again demonstrated a direct relation to the size and
geometry of the pores, with PI-COF-4 exhibiting a faster initial burst release than PI-

COF-5 after 12 hours. Around 95 % of the loaded ibuprofen molecules, was released after
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six days. Similar loading and release patterns were observed for captopril and caffeine

molecules. [139]
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Figure 1.26. 3D PI-COF-4 (left) and PI-COF-5 (right). [139]
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Figure 1.27. The release pattern of ibuprofen from PI-COF-4 and PI-COF-5

in PBS pH 7.4. [139]

A 2D triazine-polyimide-based framework (PI-CTF) was later reported for the

delivery of sorafenib, another anticancer drug. Synthesised from cyanuric chloride, a

trigonal planar linker, and p-hydroxybenzaldehyde, a linear bifunctional linker, via a

nucleophilic substitution reaction followed by a facile solution-suspension for three days

at room temperature, sorafenib molecules were loaded into the 0.63 nm micropores of Pl-

CTF, from a DMF solution over six hours. At a drug loading capacity of 83 %, the highest
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reported for COFs thus far, PI-CTF exhibited a certain degree of pH-responsiveness with
drug release profiles showing an initial burst release followed by a slower release of the
loaded drug molecules, resulting in a preferential 66 % sustained release at pH 5.3, after
48 hours, compared with 48 % release at pH 7.4 (Figure 1.28). Dissolution and diffusion
of drug molecules adsorbed onto the surface of the framework produced the initial burst
release, while the slower release was caused by dissolution and diffusion of drug
molecules from the pores of the framework. In vitro studies further revealed the low

cytotoxicity and good biocompatibility of the pure framework. [140]
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Figure 1.28. The release pattern of sorafenib from PI-CTF in PBS pH 5.3 (a)
and 7.4 (b). [140]

In 2021, a cage-based COF was presented as a drug carrier, for the first time,
following the unprecedented synthesis of the first two cage-based COFs in 2019 [141],
blurring the borderline between 2D and 3D frameworks and incorporating porous organic
cages into extended networks. Cage-COF-TT was synthesised from
bis(tetraoxacalix[2]arene[2]triazine), a prism-like organic molecular cage acting as a
trigonal planar linker, and terephthaldicarboxaldehyde, a linear linker, via a Schiff-base
condensation reaction under solvothermal conditions for three days, to form a 2D network
characterised by 1.0 nm hexagonal pores. Loading capacities of 17.7, 21.4 and 22.3 %
were reached for ibuprofen, 5-fluorouracil and captopril drug molecules respectively,
upon stirring in a hexane solution of ibuprofen or aqueous solutions of 5-fluorouracil and
captopril, over six hours. Cage-COF-TT released 78 % ibuprofen and 87 % captopril in
PBS at pH 7.4 after 12 hours (Figure 1.29), a faster release profile, when compared with
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49 % ibuprofen and 52 % captopril release from PI-COF-5, a previously discussed 3D
COF with comparable pore size, under the same conditions. [142]
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Figure 1.29. The release pattern of ibuprofen from Cage-COF-TT in PBS pH 7.4. [142]

To specifically enhance the m-conjugation effects of COFs and consequently their
fluorescence ability, a p-m conjugated trigonal planar monomer, tri(4-formyl-
phenyl)amine, was reacted with benzidine, a linear monomer, under solvothermal
conditions, to construct an intensely conjugated network. This allowed a bright blue
solvent-dependent photoluminescence to be observed when the COF was excited under
different wavelengths. 35 % loading of doxorubicin from a PBS solution over 24 hours,
was achieved through n-n and hydrogen bond interactions with the framework. The
fluorescent property of both the COF and doxorubicin, resulted in an effective
fluorescence resonance energy transfer (FRET) system, through which a fluorescence
signal was imparted when different amounts of drug molecules were loaded. As more
doxorubicin molecules are absorbed by the COF, the photoluminescence intensity of
doxorubicin gradually decreases until quenching is achieved when all doxorubicin
molecules are loaded into the COF. This unique property enables drug loading, and
release, to be monitored not only by UV-Vis spectrophotometry, but also with the naked
eye, through a gradual colour change to red and orange-red respectively under natural and
UV light (Figure 1.30). In vitro experiments revealed the good biocompatibility and low
cytotoxicity of the pure COF, an enhanced efficacy of the doxorubicin loaded COF over

free doxorubicin molecules, and enhanced release under acidic conditions. [143]
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Figure 1.30. Gradual solution colour change observed under UV (top) and natural light
(bottom), upon increasing doxorubicin loading. [143]

Hollow spherical particles are a special type of colloidal materials, having a large
hollow inner cavity with a large surface area, surrounded by an intact porous shell.
Crystallites of the shell material first assemble, with or without a template, into coiled
dense spheres. Further deposition of crystallites onto the outer surface of the spheres is
combined with dissolution of the core and shell recrystallization, without influencing the
internal ordering of the shell crystallites, to form the hollow spheres. The hollow cavity
forms a much larger pore, on the macroporous scale, than the mesopores of the shell.
Unlike the initial application of MOFs in the field of therapeutics, hollow spherical
particles constructed from COF shells were first to be studied with respect to drug
molecule loading, to overcome the micropore size limitations of accommodating larger
molecules as guests. Hollow spherical particles constructed from MOF shells were then
later reported as promising drug-delivery systems. [144, 145]

COF-DhaTab, a hollow spherical Schiff-based COF, was solvothermally
synthesized from 2,5-dihydroxyterephthalaldehyde, a linear linker, and 1,3,5-tris(4-
aminophenyl)benzene, a trigonal planar linker, and studied with respect to the adsorption
of the enzyme trypsin as the guest molecule. [146] COF-DhaTab is more chemically
stable, due to strong intramolecular hydrogen bonding, than the previously synthesised
mesoporous boron-based COFs which, although now with improved stability, exhibit a
degree of hydrolytic degradation, hindering their use as drug carriers. [147, 148] Its
spherical morphology, arising from inside-out Ostwald ripening, also remains intact when
in aqueous and PBS pH 7.4 environments, confirming its potential application in
biomedicine. The shell, characterised by meso-sized 3.7 nm pores, surrounds a

macroporous hollow cavity with a diameter of between 0.5 and 2 micrometres.

40



Literature Review

The globular protein trypsin, with an average size of 3.8 nm, was found to
preferentially occupy the COF 3.7 nm pores, over the macroporous inner cavity (Figure
1.31). There is a considerably large difference in the size of the guest molecule and the
macropore, such that interaction between the two is infeasible. The enzyme is able to
adjust its conformation through partial unfolding in order to enter and fit into the
mesopores, after which it then goes back to a globular structure. Although immobilized,
the enzyme does not lose its activity. Additionally, doxorubicin loading and release in the
hollow sphere was achieved in PBS at pH 5, (Figure 1.32), pointing towards the reversible

binding of drug molecules within the macroporous void. [146]

Figure 1.31. Preferential adsorption of the enzyme trypsin into the meso-sized pores of
COF-DhaTab. [146]
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Figure 1.32. The release pattern of doxorubicin from the hollow spheres of COF-
DhaTab in PBS pH 5. [146]
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Even with the development of NCOF, research to further reduce the size of the
networks was reported in 2017, through the exfoliation of 2D COF layers to form covalent
organic nanosheets (CONs). Reducing a bulky COF structure to just a thin layer,
improves its dispersibility in aqueous media. CONs were thus studied for the potential
replacement of COFs in therapeutics. TpASH, a 2D COF, was synthesised from 1,3,5-
triformylphloroglucinol, a trigonal planar linker, and 4-aminosalicylhydrazide, a linear
linker, via a Schiff-base condensation reaction under salt-mediated conditions. The
phenolic hydroxyl group on the diamine monomers in the framework, was used as an
anchoring site for functionalisation with amine groups, required for the anchoring of
targeting moieties. This was achieved through several post-synthetic modifications,
which weaken the 7t-w stacking interactions between the COF 2D layers, resulting in their
chemical delamination. The rendered CONs are conjugated with folic acid, the targeting
moiety, for active ligand-receptor targeted delivery of the loaded drug, in this study 5-
fluorouracil, to the tumour site and subsequent receptor-mediated endocytosis of the drug
loaded CON. [149]

At a drug loading capacity of just 12 %, CONs are not characterised by a high
loading efficiency, compared with those of 2D polyimine COFs and 3D polyimide COFs.
This is however, the first reported case of active targeting in COFs, demonstrating the
potential synthesis of COF targeted drug delivery systems. Apart from exhibiting
distribution control and minimising adverse side effects on non-targeted sites, the drug
loaded CONs were readily endocytosed by targeted cells but were non-toxic to non-
targeted cells. Furthermore, a certain degree of pH-responsiveness was demonstrated
through drug release profiles, which show a preferential 74 % sustained release at pH 5,
after 72 hours, compared with 50 % release at pH 7.4 (Figure 1.33). This further enhances
the controlled-release of 5-fluorouracil molecules. [149]

Pore surface functionalisation allows COFs to achieve specific interactions with
guest molecules effectively controlling their release. COF-HQ, a bottom-up
functionalised COF, was thus studied to improve the loading capacity and potentially the
pH-sensitivity of COFs. The 8-hydroxyquinoline group, incorporated as part of one of the
original COF linkers during solvothermal synthesis (Figure 1.34), played a significant
role in improving the 5-fluorouracil loading capacity of COF-HQ over the non-
functionalised imine-based COF, from aqueous solution over three hours. The partial

protonation of a large number of conjugated nitrogen atoms in the functionalised
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framework, led to an increased number of non-covalent interactions with the 5-

fluorouracil drug molecules, resulting in enhanced drug loading.
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Figure 1.33. The release pattern of 5-fluorouracil from TpASH CONs
in PBS pH 5.0 and 7.4. [149]
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Figure 1.34. COF-HQ, an 8-hydroxyquinoline functionalised framework. [150]
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Drug release was similarly affected by the additional interactions arising from the
pore surface functionalisation, with a 13.9 % increase in the release of drug molecules at
pH 5.0 recorded over release at pH 7.4 (Figure 1.35). At acidic pH, full protonation of the
nitrogen atoms in the framework destroyed the hydrophobic interactions with the drug
molecules, making the 5-fluorouracil loaded system less stable and accelerating drug
release. Although this study proves that functionalisation is an effective factor in
improving the loading capacity of the original COF, the authors fail to address the
difference in drug release between the functionalised and non-functionalised COF at
either pH. [150]
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Figure 1.35. The release pattern of 5-fluorouracil from COF-HQ in PBS pH 5.0 and
7.4.[150]

A similar approach was reported for CF-25, another pore-surface functionalised
COF, to incorporate primary amino groups onto a boronate-ester framework, through
bottom-up solvothermal synthesis. In this study, the anticancer drug of choice,
camptothecin, was loaded as a ligand via covalent links to the incorporated functionality,
without exerting significant structural or topologic influence, the first reported drug
loading via covalent bonds. The acute hydrophobic effect imparted by the loaded
camptothecin ligand, limits the amount of water adsorbed to the loaded framework, in
effect stabilising and slowing down the hydrolytic degradation of the boronate-ester
framework. In PBS pH 7.4, the loaded CF-25 was stable for up to six hours with minimal
drug release, after which structural collapse led to 15 % of the loaded drug molecules to

be released over 24 hours. Sustained release was successfully achieved at this pH, when
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compared to the rapid structure degradation recorded at pH 5.8, consistent with boronate-
ester hydrolysis. [151]

For all of these discussed COF materials, drug loading was achieved post-
synthetically through entrapment of the molecules within the pores via covalent bonds or
non-covalent interactions to the pore walls. In 2017, the anticancer agent phloroglucinol
was used as a building block, incorporating it as part of the framework skeleton.
Synthesised from trigonal planar 2,4,6-triformylphloroglucinol and linear 4,4’-
ethylenedianiline linkers, via a Schiff-base condensation reaction, the resulting 2D COF
was named EDTFP-1 and characterised with a pore size of 1.5 nm. Release profiles,
obtained in PBS at 37 °C, indicate the rapid release of 70 % of drug molecules over 5
hours. Similar for both pH 5.5 and 7.4, the release patterns suggest a lack of pH-
sensitivity. No explanation about the release process is given by the authors. Furthermore,
the presented PXRD data which was obtained after treatment at pH of 5.5, 7.0 and 7.4,
and proves the good chemical stability of the framework across all three pHs, appears to
contradict the release of skeleton-incorporated drug molecules via framework
degradation. In line with this, the authors report the potential anticancer activity of the
EDTFP-1 material, through enhanced cytotoxicity against four cancer cell lines,
suggesting its application as a novel chemotherapeutic agent. [152]

In 2019, another alternative to post-synthetic drug loading was presented for the
first time, where guest molecule loading took place in situ, alongside the polymerisation
and crystallisation process, via a one-pot synthesis. At a drug loading capacity of 32.1 %,
one of the highest recorded for COFs thus far, the resulting 2D framework was
synthesised via a Schiff-base condensation reaction by first mixing doxorubicin with 2,5-
dimethoxyterephthaldehyde (DMTP) monomers for one hour and then adding 1,3,5-
tris(4-aminophenyl)benzene (TAPB) building units. [153, 154] The crystallinity of the
drug loaded COF was slightly reduced, when compared with that of the pure COF, owing
to Schiff-base interactions between the amino groups on doxorubicin and the carbonyl
groups on the aldehyde monomers. The BET surface area for the 3.3 nm mesopores was
also significantly reduced for the one-pot synthesis framework, demonstrating the
successful adsorption of doxorubicin molecules within the pores. Over two hours, 40 %
of initially loaded drug molecules was burst released at pH 7.4, while at pH 6.5 and 5.0,
80 % and higher was even more rapidly released. This pH-sensitivity arises from the
increasing chemical instability and linkage degradation of the drug loaded COF with

decreasing pH. In vitro and in vivo testing revealed the good biocompatibility and low
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cytotoxicity of the pure COF, and an enhanced efficacy of the doxorubicin loaded COF
over free doxorubicin molecules. The latter can be attributed to the COF carrier’s EPR
effect and its ability to improve the dispersibility and permeability of the drug, while
reducing its side effects. [153]

One of the key features essential for the COFs’ use as drug carriers is the low degree
of unwanted cytotoxicity. For all of the COF materials discussed in this section, with the
exception of EDTFP-1, in vitro testing revealed the non-toxic or low cytotoxicity and
good biocompatibility of the pure frameworks. In 2018, the Schiff-base solvothermal
condensation of trigonal planar 1,3,5-tri(4-formylbiphenyl)benzene and trigonal planar
2,4,6-tris(4-aminophenyl)-1,3,5-triazine, was used to construct a triazine-based COF,
TrzCOF, characterised with a pore size of 3.5 nm and studied for its cytotoxic potential
on cancer cell lines. In vitro studies indicate the outstanding anticancer activity of
TrzCOF on the human colorectal carcinoma HCT-116 cell line. 40-50 pg mL*
concentration of the linkers did not elicit a cytotoxic effect, whereas a low concentration
of 8.31 + 1.67 ug mL™* TrzCOF inhibited 50 % of cell viability. This concentration of
TrzCOF is slightly lower than the concentration of EDTFP-1, 9.89 + 1.16 ug mL™* [152],
to reduce cell viability of HCT-116 by 50 %, suggesting its application as a novel
chemotherapeutic agent. [155]

As discussed in section 1.6, in order to further improve the biocompatibility of
nanocarrier systems and decrease the strength of an immune response in vivo, surface
modification via hydrophilic polymers is often adopted by nanoparticles. The first
conjugation of PEG onto COF drug carriers was reported in 2018. Integrated as a means
to adjust the stability and dispersibility of COFs, the resulting polymer-COF
nanocomposite, denoted as PEG-CCM@APTES-COF-1, was self-assembled via the
surface PEGylation of 3-aminopropyl triethoxysilane (APTES) functionalised COF-1
[156], through PEG-modified monofunctional curcumin (CCM) derivatives. The so
formed hybrids resemble a micelle, with the APTES-COF-1 on the inside (the core) and
PEG-CCM on the outside (the corona), as shown in Figure 1.36.

PEGylation did not affect the crystallinity of the functionalised framework,
however did improve its stability and dispersion in aqueous conditions, while negatively
impacting its thermal stability. The imparted hydrophilicity of PEG to the nanocomposite,
led to a higher loading efficiency of doxorubicin molecules. Furthermore, the strong
fluorescence ability of the CCM-derived PEG, and hence of the nanocomposite, allowed

real-time tracking of the hybrid upon uptake. This revealed its efficient accumulation at
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tumour sites, combined with the EPR effect and a prolonged blood circulation lifetime,
and enhanced efficacy of doxorubicin loaded nanocomposites compared with the free

drug molecules, through both in vitro and in vivo testing. [157]
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Figure 1.36. Schematic representation of doxorubicin (labelled as DOX) loading into
APTES functionalised COF-1, and the self-assembly of PEG-CCM@APTES-COF-1
nanocomposite. [157]

PEG-CCM@APTES-COF-1, assembled as 150 nm thin platelets, was also loaded
with pazopanib in 2020, and was able to exhibit brain tumour accumulation in mice, the
first nanocarrier system to successfully cross the blood-brain barrier, a semi-permeable

border of endothelial cells which is highly selective and severely hinders drug delivery to
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the central nervous system. In vitro and in vivo testing revealed an enhanced efficacy of
pazopanib loaded nanocomposites compared with the free drug molecules and the non-
toxic nature of the framework. [158]

The incorporation of smart, stimuli-responsive polymers as building monomers or
via post-synthetic conjugation, is another controlled-release aspect to be considered
during the design and synthesis of potential drug nanocarrier COFs. The 2D NCTF
discussed earlier already exhibits preferential drug release in acidic pH, due to a higher
solubility of doxorubicin molecules upon protonation, leading to the loss of hydrophobic
interactions with the framework, and faster and easier release of the drug molecules. [131]
Similarly, pH-responsiveness is also exhibited by CONs, DT-COF, PI-CTF, COF-HQ,
CF-25 and TAPB-BMTP-COF, either due to a corresponding mechanism or due to
chemical instability and degradation of the framework linkages. Nevertheless, the
sensitivity of these two materials to pH is not achieved directly through the incorporation
of smart building units or polymers.

The intracellular environment of tumour cells has a higher concentration of
glutathione, differentiating it from the surrounding extracellular environment and healthy
cells. Reduced glutathione (GSH) acts as a reducing agent, cleaving disulfide bonds,
whilst oxidised glutathione (GSSG) acts as an oxidizing agent, forming disulfide bonds.
Redox-responsive COFs were reported in 2020, for the intracellular-triggered release of
drug molecules. GSH-sensitive disulfide bonds were incorporated through the 4,4’-
diaminodiphenyl disulfide linear monomer, into a 2D COF, F68@SS-COF, via a Schiff-
base solvothermal reaction, followed by PEGylation of the SS-COF by Pluronic F68.
Doxorubicin was effectively loaded at over 20 % capacity into the resulting
nanocomposite through hydrophobic and n-n stacking interactions. PEGylation allowed
for the steric stabilisation of the hydrolysis-prone imine links in acidic pH. Nonetheless,
F68@SS-COF is able to undergo structural disintegration through cleavage of the
disulfide bonds in the presence of intracellular high-GSH concentration, rapidly releasing
a significantly higher amount of loaded doxorubicin molecules than in the absence of
GSH (Figure 1.37). In vitro studies further revealed the high extracellular stability and
good biocompatibility of F68@SS-COF imparted by PEGylation. [159]

This redox specific release was replicated in a pH and redox dual-sensitive COF,
denoted as HY/SS-CON. Utilising the same synthetic concept, 4,4’-dihydrazidediphenyl
disulfide linear monomers were substituted in place of the 4,4’-diaminodiphenyl disulfide

building units, to construct the 2D hydrazone-linked, disulfide-containing COF, followed
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by PEGylation using Poloxamer 188. Doxorubicin was loaded at 18 % capacity from a
hexane solution over 24 hours under dark conditions into the 2.5 nm pores of the resulting

nanocomposite.
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Figure 1.37. The release pattern of doxorubicin from F68@SS-COF in PBS pH 5.0
with GSH, pH 5.0 without GSH and pH 7.4 without GSH. [159]

Similar to F68@SS-COF, PEGylation allowed for the steric stabilisation of HY/SS-
CON resulting in a high extracellular stability, as confirmed by the low 10 % drug release
over 72 hours. Conversely, acid-induced structural disintegration of HY/SS-CON was
observed at pH 5.0, resulting in a higher amount of drug released, than at pH 7.4. In the
presence of GSH at pH 5.0, the acid and GSH-triggered disintegration of both the
hydrazone linkages and the disulfide bonds, led to an even faster and greater 50 % drug
release over four hours (Figure 1.38). [160]

A thioether-functionalised triazole-based COF, TCOF-PEG, was also constructed
for a pH and redox dual-sensitive drug release response. Synthesised via click chemistry
between 1,3,5-triethynylbenzene and 2,5-bis(ethylsulfonyl)-1,4-diaminobenzene, TCOF
(Figure 1.39) was PEGylated using amino PEG via hydrogen bonding and electrostatic
interactions with the thioether group and triazole ring of the framework, to yield TCOF-
PEG. Following the same release patterns as HY/SS-CON, protonation of the nitrogen
atoms in the triazole ring at acidic pH, releases the loaded doxorubicin at a higher rate
than at physiological pH. The presence of GSH at pH 5.0, further triggers the release of
loaded drug molecules, via GSH attack on the carbon atom of the tautomerised triazole
ring in acidic pH, which leads to conformational changes resulting in 70 — 80 % drug
release over 72 hours (Figure 1.40). [161]
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Figure 1.38. The release pattern of doxorubicin from HY/SS-CON in PBS pH 5.0 with
GSH, pH 5.0 without GSH and pH 7.4 without GSH. [160]
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Figure 1.39. TCOF, a 2D thioether-functionalised triazole-based framework.
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Figure 1.40. The release pattern of doxorubicin from TCOF-PEG in PBS pH 5.0
with GSH, pH 5.0 without GSH and pH 7.4 without GSH. [161]
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Owing to the incorporation of the GSH-sensitive disulfide bonds or thioether
functionalisation, F68@SS-COF, Hy/SS-CON and TCOF-PEG can all be categorised as
smart electro-sensitive COF nanocarriers. The remarkable design of these smart COF
nanocarriers could facilitate the development of multifunctional COF nano-constructs,
which bring together the active targeting, controlled-release and biocompatibility aspects
of drug carriers.

Azobenzene, which is photo-responsive in nature, undergoes a reversible structural
isomerisation upon UV irradiation. Its chemical incorporation into a 2D COF was
reported in 2014, followed by incorporation into an atomic monolayer, surface COF,
reported in 2016. Condensation of azobenzene-derived diboronic acid monomers and
2,3,6,7,10,11-hexahydroxytriphenylene, under solvothermal conditions, yielded the Azo-
COF [162], while self-condensation of the same azobenzene-derived diboronic acid
monomers resulted in the surface COF. Upon UV irradiation, the azobenzene groups
undergo trans to cis isomerisation, slightly reducing the crystallinity of the Azo-COF,
while breaking open the boroxine ring at one end and deconstructing the surface COF, to
release the loaded guest molecules (Figure 1.41). [163] To date, this bottom-up approach
to achieve smart UV-sensitive COFs has not been reported for COF application in drug
delivery, which would allow for better and selective control on the loading and release of

drug molecules.
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Figure 1.41. Boroxine ring breakage upon photo-triggered trans to cis isomerisation of
the azobenzene groups. [163]
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Since 2018, the application of COFs as drug nanocarriers was further combined
with photodynamic [164, 165, 166] or photothermal therapy [167, 168]. This dual
functionality provides a broader approach to the therapeutic application of COFs,
synergistically inducing tumour cell death, which could potentially lead to a significant
reduction in the amount of anticancer drug molecules required to achieve an equivalent
chemotherapeutic response, in effect decreasing the occurrence of serious side effects. In
2020, the application of COFs as drug nanocarriers was expanded to include photothermal
therapy, in combination with MRI imaging for the novel diagnostic application of COFs.
[169, 170]

The synthesis and development of COFs as drug carriers is still very much in its
infancy. Nonetheless, there is great potential for these framework materials in the field of
therapeutics, due to their innate structural regularity, and tuneable high surface areas and
large pore volumes. These structural characteristics allow an enhanced drug solubility
and protection from degradation in biological environments. Although COFs are better
than MOFs for this application, due to the absence of toxic metals which reduces COF
cytotoxicity, COF interactions with biological systems, i.e. their safety, is still largely

unknown and requires further investigation.

1.10. Identifying the Research Gap

The novel application of COFs as drug carriers is just a decade old, with only a
relatively small number of research groups working on it worldwide. As thoroughly
reviewed in section 1.9, interest in this application of COFs has snowballed during the
last couple of years, yet, the published literature to date is quite limited. The majority of
the frameworks reported for this use were synthesised from triazine-based and Schiff-
based linkages. Nonetheless, the beginnings of a general trend can be recognised, from
the initial application of frameworks heavily-based on nitrogen to ones with a higher
carbon content and the incorporation of oxygen and boron atoms. Additionally, only two
of the frameworks had a 3D skeleton, PI-COF-4 and PI-COF-3, while all the rest had a
2D network.

Ibuprofen and doxorubicin were the most frequently employed API molecules to
study the loading and release mechanisms of the discussed COFs. Loaded drug molecules

were mostly within the nanometre range, close in size to the pores of the frameworks.
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Only a small number of mesoporous networks, which can accommodate molecules larger
than 2 nm or large amounts of molecules, was studied. The largest pores studied in hollow
spherical nanoparticles are able to accommodate larger guests such as enzymes,
increasing the recyclability of the costly enzyme molecule and also improving the
stability of enzymes under extreme conditions. Drug release is sustained for a longer
period of time at slower release rates, the stronger the host-guest interactions are, since
they stabilize the loading and alignment of drug molecules in the pores. The optimal
strength of interactions needs to be achieved to prevent insufficient drug accumulation at
the target site due to too strong host-guest interactions. The drug delivery capability of
COFs is directly related to their pore size and geometry. Drug loading was consistently
carried out via non-covalent interactions between the framework wall and AP1 molecules,
with only one COF loading the API via covalent bonds. Upon loading, COF nanocarriers
generally remain intact, and exhibit a slight expansion of the pore diameter.

Cell viability investigations show that all of the COF nanocarriers, with the
exception of EDTFP-1 and TrzCOF, when tested without payload, did not impart a
cytotoxic effect as no significant loss in cell viability was observed, while when loaded,
nanocarriers imparted a higher cytotoxicity than the free drug. This indicates that COF
nanocarriers enable better drug penetration into cells and are especially beneficial for the
transport of hydrophobic, poorly soluble or poorly dispersible drugs across such
biological membranes.

There is a limited number of COF nanocarriers which go beyond passive targeting.
Although lately successfully designed and synthesised, the incorporation of a targeting
moiety or hydrophilic and/or stimuli-responsive polymers onto the outer surface of COFs,
is still very much unexplored. Only a few controlled-release strategies have been tested,
most of which involve the incorporation of smart pH or electro-sensitive polymers.
Hybridization with hydrophilic polymers further opens up a new route for the design of
multifunctional nanocomposites for more efficient and controllable drug delivery.

The lack of significant research in the application of COF networks to the field of
therapeutics, more specifically in their selective active targeting and smart stimuli-
responsive design and synthesis for this application, has left an extensive gap in literature.
The ultimate goal is to achieve nanocarriers with high targeting specificity, controlled-
release properties, outstanding drug loading capacity and good biocompatibility, but to
date this remains a challenge. Further optimization in vivo is also required for the design

of optimal drug delivery carriers, since findings from in vitro studies do not predict the
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former’s outcomes. A more in-depth understanding of the host-guest interactions
involved in these COF crystalline frameworks for the loading, transport and specific
release, as well as the complex interactions and mechanisms involved in vivo is thus

invaluable in designing better and controllable drug nanovehicles.
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2. Statement of Scope

The aim of this thesis was to structurally engineer new functionalised stimuli-
responsive COF materials, loaded with pharmaceutical molecules, for use as drug
nanocarrier systems, and to determine their sensitivity and release response to simulations
of varying conditions encountered in the human body.

The objectives consisted of: (i) the synthesis and crystallisation of new COF
networks, through the use of a series of monomers under different solvent conditions, via
a variety of synthetic techniques, to form the core of the nanocarrier system; (ii) the
loading of APIs into the pores and onto the surface of newly synthesised COF structures,
through non-covalent intermolecular interactions; and (iii) the conjugation of smart pH,
electro, and UV stimuli-responsive polymers onto the surface of the loaded drug-COF
carriers, to form the corona of the nanocarrier system. Following the achievement of each
of the objectives, characterisation of the resulting COF structures, COF-API conjugates
and COF-API-Polymer complexes, was to be carried out using EU-funded advanced
instrumentation at the new solid-state and crystal engineering laboratory set up at the
Malta Life Sciences Park. The final nanocarrier complexes’ sensitivity and
responsiveness to stimuli, was then to be investigated in vitro, through the drug release
response in simulated physiological conditions.

Continuation onto: (i) conjugation of functionalities and/or hydrophilic polymers
onto the surface of the loaded drug-COF carriers; (ii) computational assessment of the
suitability of the final nanocarrier complexes as drug delivery systems through docking
programs, by simulating the molecular recognition process for an optimised conformation
between the nanoconstruct and specific sites in the body; and (iii) fine tuning of the final
complexes based on knowledge gained from the sensitivity testing, docking exercise, and
release kinetics, would provide a more comprehensive contribution to the limited list of
smart COF nanocarriers with stimuli-responsive controlled-release properties.

The development and production of a new type of drug delivery system, must
follow a set protocol during which vigorous testing is carried out in various stages, to
achieve approval from the relevant regulatory bodies thereby enabling its
commercialisation.  Chemical compatibility of the components, stability,
biocompatibility, drug release, reproducibility, and in vivo toxicology are a few of the key

features tested for, before human clinical trials are allowed to commence. [171] It is thus
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very important to note that the aim of this research work was not to create a fully-
functional system through the described protocol, as this goes beyond the scope of the
study. This thesis was intended to test and explore the potential of COFs to form a smart
stimuli-responsive, single entity with drug molecules, and control their release upon a

certain stimulus in vitro.
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3. Methodology and Instrumentation

3.1. COF Design and Synthesis

The structural design and engineering of new COF materials is based on the
symmetry, rigidity and geometry of the building units. Combined with the reversible bond
formation provided by DCC, these monomers’ characteristics govern the expected
topology and pore structure of the frameworks. The wide variety of monomer
combinations leading to COF synthesis as reported in literature through several synthetic
techniques, has inspired the following research work.

3.1.1. Monomer Selection

A series of monomers having Cz, Cz or T¢ symmetry (Table 3.1) were chosen, the
majority of which, for the first time, to build new COF materials. Depending on the
symmetry of the reactive end groups, 2D or 3D COFs were formed. The selected
monomers have amine, aldehyde, boronic acid, hydrazide, hydroxy, or carboxylic acid
reactive end groups, to yield different types of linkages, namely imine, boronate
anhydride, hydrazone, boronate ester, and ester links. Most of the linkers have rigid
bonds as part of an aromatic ring, to preserve their structural integrity during framework
formation, ensuring that the predetermined networks were synthesised. Various
molecular lengths and sizes of building linkers were also chosen, to tune the size and
structure, surface area and available unoccupied volume of the pores of the frameworks.

Monomer selection allowed for the synthesis of differently-linked COFs which
would then be tested for their sensitivity in simulated physiological conditions. It should
be noted that since the construction of a fully-functional drug delivery system is not the
purpose of this research work, the selected monomers have not been screened by the
generally recognised as safe and effective (GRASE) [172, 173] standard required for
approval by regulatory bodies.
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Table 3.1. Details for the chemicals used as linkers in COF synthesis.

Chemical _
Code Brand Purity Formula Structure
(IUPAC name)

(3,5-diformyl
C2 phenyl)boronic abcr 96 % CgH,BO,
acid

4-(3,4-diamino
C1l phenyl)benzene-  Molekula GPR CioHq4Ny
1,2-diamine

H,N—NH

C3 | Ethanedihydrazide TCI >96.0 % C,H¢N,O,

o} NH-NH,

N’ ,N’-bis(3- NH2
aminopropyl

C4 propy) TCI >95.0 % CoH,4N,

propane-1,3-

diamine1 //J _\j

Triphenylene- OH
C5 2,3,6,7,10,11- TCI >95.0% CygH;,0¢.xH,0
hexol hydrate O

2-amino-2-
C6 (hydroxymethyl)  Molekula  99.0 % C,H;{1NO3
propane-1,3-diol

Terephthal Acros
C7 ) 98 % CgHeO0,
aldehyde Organics

Pyridine-2,5-
C8 ) - Molekula  >99 % C,H5NO,
dicarboxylic acid
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Chemical )
Code Brand Purity Formula Structure
(IUPAC name)
— H
Pyridine-2,6- Y/
C9 ) abcr 95 % C,HsNO, Wo
dicarbaldehyde H—
(0]
O
Il
L1 @A
C10 | ferrocenedicarbox Molekula >98 % C,,H oFeO, Fe
aldehyde @VH
\
O
NH,
4[4 cr
Ci11 aminophenyl) Molekula >98.0 % Ci2Hi2Ny E
diazenyl]aniline ) N/©/
. H,N
N’,N’-bis(2- 2
_ cros
C12 | aminoethyl)ethane Oraan 96 % CeHigNy N_\_
rganics
-1,2-diamine : i NHz
2 5 NH,
_ ’ Carbo HaC
C13 | dimethylbenzene- 98 % CgHy2N,
; ; Synth CHs
1,4-diamine N,

All chemicals were used without further processing.

3.1.2. Synthetic Techniques

Traditional nanoparticle drug delivery systems are synthesised using techniques

including sol-gel synthesis [174], microemulsion processing [175] and spray-drying

[176]. These affect physical and chemical properties, such as particle size, size

distribution and area of application.

COF materials are conversely synthesised using techniques which allow reversible

bond formation. Thus, reaction conditions need to be carefully selected in order to achieve
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a thermodynamically stable, crystalline porous network exhibiting a minimal number of

defects.

3.1.2.1. Reflux Synthesis

In 2006, the classic solvothermal synthetic technique was modified into a catalyst-
free dehydration technique using reflux at ambient pressure to successfully construct
COFs [177], overcoming the former’s sealed vessel protocol. As inspired by this facile
synthetic technique, the monomer combinations for MCS1, MCS2, MCS3, MCS4,
MCS5, MCS6, MCS11, MCS12 (Table 3.2) were first sonicated for 10 — 20 minutes to
enhance the dissolution of each linker, and then reacted in 40 mL of solvent, under reflux
at atmospheric pressure, in a 100 mL round-bottomed flask, for 72 hours. Upon cooling
to room temperature, the product was collected, washed and subsequently dried under
vacuum for 24 hours.

Similarly, based on the reported synthesis of ferrocene-based organometallic
compounds in 2014 [178], the monomer combination for MCS10 was reacted in 100 mL
of solvent, under reflux at atmospheric pressure, in a 250 mL round-bottomed flask, for
five hours, after sonication. Upon cooling to room temperature, the reaction mixture was
allowed to stand in the dark for 48 hours, and was concentrated via rotary evaporation,

after which the product was precipitated and collected, washed and dried under vacuum.

3.1.2.2. Liquid-Assisted Grinding (LAG) Synthesis

The first LAG synthesis of COFs, published in 2013 [90, 91], marked a major
achievement in the successful green solid-state synthesis of framework materials, as an
alternative to wet synthesis and the harsh conditions employed by other synthetic
techniques. As inspired by this work and optimised during the author’s B.Sc. [179] and
M.Sc. dissertations [180], the monomer combinations for MCS7, MCS8, MCS9, MCS10,
MCS13 and MCS14 (Table 3.2) were reacted in the presence of a catalytic amount of
solvent, in 25 mL Teflon grinding jars using a Retsch MM400 ball mill, at a frequency of
25 s for a maximum of 12 minutes, and allowed to undergo evaporative crystallisation

from 1.5 mL of solvent.
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3.1.2.3. Microwave-Assisted Synthesis

Another facile synthetic technique, microwave irradiation is recently being widely
employed for organic synthesis. Microwave-assisted synthesis of COFs was first reported
in 2009 [87, 88]. It allowed the rapid, large-scale synthesis of the framework in an open
vessel, overcoming the sealed vessel requirement of solvothermal synthesis. Based on
this work, the monomer combination for MCS13 (Table 3.2) was irradiated in the
presence of 20 mL of solvent, under atmospheric conditions, in an open 100 mL
borosilicate beaker using a 150 W standard microwave oven, for a total of 15 minutes,

after which it was collected and allowed to crystallise. [181]

Table 3.2. Monomer combinations for reflux, LAG and MW synthetic reactions.

Reaction code | Monomer combination  Synthetic technique
MCS1 Cl1+C2 Reflux
MCS2 C2+C3 Reflux
MCS3 C2+C4 Reflux
MCS4 C2+C5+C1 Reflux
MCS5 C2+C5+C3 Reflux
MCS6 C2+C6 Reflux
MCS7 C6+C7+C8 LAG
MCS8 C6+C9+C8 LAG
MCS9 C4+C9 LAG
MCS10 C4+C10 Reflux; LAG
MCS11 C2+Cl1 Reflux
MCS12 C2+C5+C11 Reflux
MCS13 C7+C12+C4 LAG; MW
MCS14 C7+C13 LAG

3.1.3. Controlling the Rate of Crystallisation

As demonstrated by the research work carried out for the author’s B.Sc. [179] and
M.Sc. dissertations [180], crystallisation environment may affect the formation of

framework materials. When testing a series of different solvents, ranging from non-polar,
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to polar aprotic and polar protic solvents, during the synthesis and crystallisation of
potential COFs, a change in the crystal system and space group was observed for the same
monomer combination having the same type of bond. [182] As inspired by these findings,
a wider range of solvents (Table 3.3) was employed in this research work, in order to
determine the best crystallisation conditions for the optimal rate of crystal formation.
Crystallisation was carried out in 4 mL Fisher soda lime glass vials, at room temperature.

Table 3.3. Details for the solvents used in COF synthesis.

Chemical )
Brand Purity  Formula Structure
(IUPAC name)
Carlo H,C
Ethanol 99.9%  C,H,0 N
Erba OH
Riedel-de ©
Oxolane >999%  C4HgO ! )
Haén
Biochem
Benzene Chemo 99.5 % CeHg ©
pharma
Carlo H5C
Methanol 99.9% CH,O \
Erba OH
HaC—
Eth th Aldrich US.P C4H;100 3 0—\
oxyethane .S.P.
Y Chemical e CH
3
Fisher Cl
Dichloromethane _ 99.9 % CH,CI, \
Chemical Cl
HsC 0
N,N- Carlo N/
_ _ 99.95% C,HoNO /N‘<
dimethylacetamide Erba HyC CH,
) Carlo ©
1,4-dioxane 99.8%  C,HgO,
Erba
o}
CH,
1,3,5- Alfa

_ >08 % CoH1,
trimethylbenzene Aesar
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Chemical )
Brand Purity  Formula Structure
(ITUPAC name)
o)
Acetic acid BDH GPR C,H,0, H3C~/<
OH
N,N- Aldrich N
_ _ _ ACS  C3H,NO =N
dimethylformamide  Chemical H CH,

All solvents were used without further processing.

3.2.  API Loading

API molecules can either diffuse into the pores, becoming entrapped within the
COF network via interactions with the channel walls and neighbouring API molecules,
or conjugate onto the surface of the COF nanoparticle via interactions with the framework
edges. The strength of these host-guest interactions is a major factor affecting the release
profile of the loaded APl molecules. Strong covalent bonds or various weak
intermolecular interactions, including hydrophobic, n-n and hydrogen bond interactions,
may be exploited to, respectively, chemically link or physically adsorb the APl molecules
to the pores and surface of the framework, depending on the functionalities involved.

The chosen API molecule has a small molecular size and multiple functional
groups, ensuring a high potential for the molecule to effectively diffuse into the channels
of the framework and intermolecularly interact with its pore walls and surface, without
itself undergoing any chemical modification.

Based on the consistently-reported drug loading process discussed in section 1.9,
and upon successful synthesis and characterisation of the new COF materials, the
formation of the COF-API conjugates was carried out via post-synthetic loading of the
selected APl molecule (Table 3.4) from an oversaturated 32 mL hexane solution, in which
the framework material was chemically stable as investigated through control tests, by

stirring for six hours, under atmospheric conditions.
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Table 3.4. Details for the API and solvent used in API loading.

Chemical _
Code Brand Purity Formula Structure
(IUPAC name)
F
5-fluoro-1H-
TN
C14 | pyrimidine-2,4- Molekula >95% C,H3FN,O0,
HN.__NH
dione I
o]

H3C
Carlo
Hexane HPLC CeHis
Erba CH

3.3. Conjugation of Smart Stimuli-Responsive Polymers

3

All of the designed COFs in section 3.1 include imine or hydrazone links in
combination with other linkages, making them sensitive to pH due to their susceptibility
to acid catalysed hydrolysis back to the starting monomers, resulting in framework
degradation. As reviewed in section 1.9, this affords a certain degree of pH sensitivity to
the COF. The direct incorporation of smart stimuli-responsive polymers, allows for the
potentially more accurate detection of specific physical or chemical stimuli, through a
structural or solubility response, achieving better control on the release of guest
molecules. The smart polymers C9, C10, C11, were thus chosen for their respective pH,
electro, and UV sensitivity.

In acidic pH, the nitrogen atom of pyridine-2,6-dicarbaldehyde, C9, is protonated
to form the conjugate acid, transforming the polymer from a neutral to a charged state,
generating electrostatic repulsion between the polymers, potentially resulting in a
conformational rearrangement or solubility change. This leads to the destabilisation of
the COF, triggering the escape of the loaded API molecules. [183] A similar neutral to
charged transformation is exhibited by 1,1’-ferrocenedicarboxaldehyde, C10, upon
exposure to oxidising conditions, reversibly forming the hydrophilic ferrocenium cation,
increasing the nanocarrier complex’s wettability by a significant contact angle drop for
water. This leads the previously blocked channel-doors of the framework to ‘open’,
resulting in the release of the loaded API molecules. [184] Upon UV irradiation with

wavelengths between 320 — 380 nm, reversible trans to cis structural isomerisation is
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demonstrated by 4-[(4-aminophenyl)diazenyl]aniline, C11, via an inversion mechanism
of the N-C bond or a rotation mechanism of the N=N bond, once again resulting in a
conformational rearrangement, allowing the release of the loaded API molecules. [185]
The recently published pH and redox responsive COF nanocarrier systems [159,
160, 161], incorporate smart polymers as one of the building units of the framework.
Based on this work, the chosen smart polymers were used as linkers for MCS8, MCS9,
MCS10, MCS11, MCS12, incorporating them as part of the pre-drug-loaded framework
through a bottom-up approach. This also inspired their post-synthetic conjugation onto
the surface of the COF-API nanoparticle conjugates via intermolecular interactions with
framework edges. Upon successful synthesis and characterisation of the COF-API
conjugates, the selected smart polymers were conjugated from an oversaturated 5 mL
hexane solution, in which the drug-loaded framework was chemically stable, by stirring
for six hours, under atmospheric conditions. The latter COF-API-Polymer complexes
were thus self-assembled [157], whilst ensuring that the unnecessary release of loaded

drug molecules was not triggered by high or low temperatures.

3.4. Characterisation

COFs are generally found as crystalline powders, insoluble in many organic
solvents, thus requiring the use of techniques for solid-state characterisation, including
microscopy, X-ray diffraction (XRD), FTIR spectroscopy, thermogravimetric analysis
(TGA), and solid-state NMR spectroscopy.

3.4.1. X-Ray Diffraction (XRD)

An initial screen of the sample under a light microscope, in polarised and
unpolarised light, can be used to quickly determine the presence of a crystalline material.
A Leica Z16 APO microscope equipped with a Qlmaging QICAM Fast 1394 digital CCD
camera was used to screen the samples. Crystallinity is an essential requirement for COFs.
However, since they are obtained as crystalline powders, determining their crystallinity
is somewhat limited by the microscope’s magnification.

XRD is a much more powerful tool in characterising crystalline materials. A lot of

information on the structure and morphology, regularity, atomic connectivity and
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porosity, can be obtained from the XRD analysis of crystalline materials. For powder
samples, PXRD is used, while in the event of a single crystal, single crystal XRD
(SCXRD) is employed. Each crystal structure has a unique PXRD pattern and extracting
information from these patterns can sometimes be quite challenging. The unit cell
parameters, a, b, ¢, a, # and y, are found via indexing of the peak positions. Fitting these
parameters to the experimental pattern via Pawley/Le Bail fitting, which refines the
dimensions, follows the determination of the space group symmetry adopted by the
crystal system. Crystal structure solution and Rietveld refinement then make use of the
peak intensities to obtain and refine the atomic coordinates, and hence the atomic
connectivity, within the crystal structure.

The lowest energy conformation of the asymmetric unit, stoichiometrically
representing the expected links formed between building monomers, is used as a rigid
body model to carry out crystal structure solution. Parameters are automatically
randomised based on the approximate errors in the parameters. When the refinement of
bond lengths, bond angles and torsion angles in the rigid body fails to produce an
occupancy of 1 for each atom, appropriately weighted restraints are applied to fix the
target bond length or bond angle value, with a tolerance of 1 and 0.001 respectively, and
control the refinement of the parameters. Upon achievement of a correct solution,
temperature factors are applied and refined, to produce the best agreement between the
observed and calculated PXRD patterns. The Crystallographic Information File (CIF) for
the crystal structure is then checked for consistency and integrity of its contents and the
reported structure (unit cell geometry, space group symmetry, atomic positions,
displacement parameters), and against typical ranges of values and expected behaviour,
to flag potential errors and unusual findings for closer examination, possible correction
and improvement.

Laboratory PXRD data were collected in Kiel, Germany, and at the new solid-state
laboratory set up at the Malta Life Sciences Park, on a STOE Stadi P and Stadi MP or
Stadi P diffractometer, respectively, using a curved germanium (111) monochromator, at
Cu K, radiation with a wavelength of 1.54060 A and Mo K radiation with a wavelength
of 0.70930 A, using a Mythen detector. All laboratory measurements were carried out at
a temperature of 293 K, using Hilgenberg capillaries of 0.01 mm wall thickness and 0.50
— 1.0 mm diameter, or rotating flat transmission sample holders with 3 or 6 mm openings.
Flat plate samples were prepared by fixing a small amount of the solid between two pieces

of commercially available sticky tape. Synchrotron measurements were collected at
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beamline BMO1 at the European Synchrotron Radiation Facility (ESRF) in Grenoble,
France, on a PILATUS2M detector using a double crystal monochromator, at a
wavelength of 0.64066 A. [186] All synchrotron measurements were carried out using
Hilgenberg capillaries of 0.01 mm wall thickness and 0.50 mm diameter, at a temperature
of 120 K. Variable temperature PXRD measurements were collected according to the
following temperature profile: (i) heating ramp from 120 to 500 K at 360 K/h; (ii) cooling
ramp from 500 to 120 K at 360 K/h. Data integration was carried out using Bubble and
SNBL Toolbox computer programs. [186]

Powder data were processed using TOPAS-Academic [187], while single crystal
data were processed using CrysAlis PRO v.40 [188], ShelXT [189], ShelXL [190], and
OLEX2 [191]. Full geometry optimisation for a lower energy conformation of uncharged
molecules was carried out from a.mol format, using Turbomole V7.3 and TMoleX V4.4.1
as interface [192], at BP86-RI/def-TZVP level of theory, with COSMO-RS [193]

activated and all default settings for convergence criteria retained.

3.4.2. FTIR Spectroscopy

Infra-red spectroscopy can be used as a quick indicator of new bond formation. Due
to the characteristic adsorption at specific frequencies by different bonds or functional
groups, a particular IR band can provide evidence of the formation of the desired bond.
Furthermore, an IR spectrum can also indicate the presence of unreacted building
monomers. FTIR spectra were collected using a Shimadzu Fourier Transform Infrared
Spectrophotometer Model IRAffinity-1, from KBr-Sample discs, and processed by IR

Solution FTIR control software.

3.4.3. Hot Stage Microscopy

Prior to and in combination with variable temperature XRD, hot stage microscopy
can be used to determine the thermostability of the materials and any phase changes
exhibited when the sample is exposed to a wide range of temperatures. A THMS 600
temperature-controlled stage system, equipped with Linksys32 System control software,

was used to visually examine the samples throughout a pre-set temperature ramp
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programme. Fine tuning the temperature profile according to the resulting data, can then
be extended to a Simultaneous Thermal Analysis (STA) investigation of the sample.

3.5. Drug Release Profile

The release pattern of the loaded drug is dependent on several factors, including the
strength of the interactions between the APl molecules and the framework, the chemical
stability of the COF, the strength of the stimulus, and the stability and structural or
solubility response to the stimulus exhibited by the conjugated smart stimuli-responsive
polymer. As the strength of the host-guest interactions increases, APl molecule release is
sustained for a longer period of time at a slower rate. However, this may be counteracted
by the chemical instability of the framework linkages in simulated physiological
conditions, as mentioned in section 3.3, which speeds up the release of the loaded
molecules. Similarly, as the strength of the encountered stimulus increases, the drug
release is also expected to increase. The release is further enhanced, as the stability of the
smart polymer, with respect to a stimulus, decreases. Moreover, the greater the extent of
conformational rearrangement and/or solubility change, the faster the unloading of the
API molecules.

The final nanocarrier complexes’ sensitivity and response to stimuli was
investigated in vitro in simulated physiological conditions, using 1X phosphate buffered
saline (PBS), obtained as tablets from Fisher BioReagents. Cumulative release of the
loaded API molecule from the nanocarrier complexes was studied at pH 4.9 and pH 7.4
for the pH-sensitive complex, at oxidising and control conditions pH 7.4 for the electro-
sensitive complex, and in UV irradiation and control conditions pH 7.4 for the UV-
sensitive complex. The release of the COF-API conjugate was also studied for
comparative purposes. 0.005 g of complex was dispersed in 5 mL of PBS, sealed in pre-
treated regenerated cellulose dialysis membrane of molecular weight cut-off (MWCO)
10 kDa, obtained from Spectro/Por®7, and suspended in 100 mL of external PBS in a
250 mL borosilicate beaker, at 37 °C for 24 hours, while stirring. 4 mL aliquots withdrawn
from the external PBS at time 0, 20 min, 40 min, 1, 2, 4, 6, 8, 12 and 24 hours, and
replaced with fresh PBS to maintain the same volume, were analysed using UV-Vis
spectrophotometry to determine the drug concentration. UV-Vis spectra were collected
using a JASCO V-650 UV-Vis spectrophotometer, from 10x10 mm Quartz SUPRASIL
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cuvettes, and processed by Spectra Manager 1l software. All aliquots were then left to
evaporate to analyse the remaining powder using a combination of the characterisation

techniques (section 3.4).
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4. COF Synthesis
41. MCS1

4.1.1. Design and Synthesis

The reaction between 4-(3,4-diaminophenyl)benzene-1,2-diamine, C1, and (3,5-
diformylphenyl)boronic acid, C2, involved the Schiff-base condensation of amine and
aldehyde functional groups alongside the self-condensation of boronic acid. The
combination of the C> monomer with the bifunctional Cs monomer was expected to yield
a 2D hexagonal extended network with imine and boronate anhydride links (Figure 4.1,
Scheme 4.1).

Figure 4.1. Hexagonal COF resulting from the combination of C3 and C, monomers.
[194]

(0] (0]
N (0]
C1 C2 ‘
H,N

O NH

H,N
Scheme 4.1. The expected imine and boronate anhydride links formed between

monomers C1 and C2.
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These building units were reacted together in a 1 + 1 condensation via reflux
(section 3.1.2.1). A change in colouration was observed from the light brown and white
colouration of the monomers respectively, to a mustard yellow crystalline powder
obtained from reaction in 1:1 1,4-dioxane:1,3,5-trimethylbenzene (MCS1_001). Upon
washing with oxolane (MCS1_002) and subsequent drying under vacuum (MCS1_003),

the sample retained its colouration.

4.1.2. Characterisation and Analysis

The crystallinity of the samples was determined under the microscope, upon

reflection of plane polarised light (Figure 4.2).

Figure 4.2. Photomicrograph of MCS1_001 from reflux with 1:1 1,4-dioxane:1,3,5-
trimethylbenzene.

The X-ray powder patterns obtained for the three samples are very similar, showing
a high background and reflections of low intensity. MCS1_001 has the best crystallinity,
suggesting that the washing and drying protocol had an effect on the crystal structure.
There were not enough peaks to carry out reliable indexing and thus no attempt was made
to determine the crystal structure. Comparison of the laboratory data for MCS1 001,
having the best diffraction pattern, with the patterns for the two monomers, reveals the
formation of a mixture, a quasi-amorphous product with excess starting monomers
(Figure 4.3). Variable temperature PXRD measurements will be carried out at high
temperatures, to attempt improving the crystallinity and check whether a new compound

was formed.
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Figure 4.3. Laboratory PXRD patterns for MCS1_001 (blue), MCS1 002 (red) and
MCS1_003 (black), obtained from a 1 + 1 condensation of the monomers via reflux in
1:1 1,4-dioxane:1,3,5-trimethylbenzene, upon washing with oxolane, and subsequent

drying under vacuum, respectively, and for the C1 (green) and C2 (yellow) monomers,
at 293 K.

The formation of new imine and boronate anhydride links between the two
monomers was confirmed by FTIR spectroscopy. The spectrum for MCS1 001 shows
bands at 1680-1640 cm™, characteristic of C=N stretching, indicating the successful
formation of imine bonds. The C=0O stretching band of the free aldehyde (1740-
1720 cmt) and the N—H stretching and N—H bending bands of the free amine (3385 and
1500 cm™) are all absent, confirming that all of the amine and aldehyde end groups
reacted during reflux. Similarly, the asymmetric B-O stretching band (1340 cm™), the
symmetric B—C stretching band (1317 cm™), the in-place O—H bending band (972 cm™)
and the out-of-plane vibration band (648 cm™), characteristic of boronic acid, are all
absent, with the O—H stretching band at 3435 cm significantly attenuated in MCS1_011.
This confirms that all of the boronic acid end groups reacted during reflux, to form
boronate anhydride links, exhibiting their characteristic in-plane C—H bending mode at
1006 cm™ and out-of-plane vibration band at 702-669 cm™. The FTIR spectrum for

MCS1_001 is noticeably different from the spectra of the pure starting monomers (Figure
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4.4), providing evidence that a new imine and boronate anhydride linked structure was

formed.
_—C2
—c1
—MCS1_001
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber / cm?

Figure 4.4. FTIR spectra for MCS1_001 (blue), obtained from a 1 + 1 condensation of
the monomers via reflux in 1:1 1,4-dioxane:1,3,5-trimethylbenzene, and for the C1 (red)
and C2 (black) monomers.

As demonstrated by hot stage microscopy, the new structure has a high thermal
stability. A morphological change was only observed at a temperature of 475.8 °C, upon
which the sample started to shrink (Table 4.1). This can be attributed to the new strong
covalent imine and boronate anhydride bonds, which require a considerable amount of
energy before being broken and exhibiting decomposition behaviour. No melting phase
was observed at 175-177 °C or 259-261 °C, the much lower melting ranges of the starting
molecules respectively, confirming the presence of strong intramolecular bonds, as
opposed to the weak intermolecular bonds of the pure monomers, and the absence of
unreacted linkers. STA will be carried out for a more in-depth and quantifiable

investigation on the thermal stability and decomposition behaviour of the new structure.
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Table 4.1. Temperature programme followed during hot stage microscopy of MCS1_001,
corresponding observations and photomicrographs of the morphological changes.

Rate Limit ) Photomicrograph of observed
Ramp ) Observation
(°C/min) (°C) changes

1. No observed
_ 15 350
Heating change
2. Slow shrinking at
_ 5 600
Heating 475.8 -510.0 °C

Faster shrinking at
512.2 -577.3°C

3. No observed

Cooling change
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4.1.3. Crystal Structure of (3,5-diformylphenyl)boronic acid, C2

The C2 monomer was not found in the Cambridge Structural Database (CSD).

Table 4.2 shows the unit cell parameters, after Pawley fitting, for a triclinic

centrosymmetric P1 (2) space group (Figure 4.5). Structure solution is currently

underway at the time of writing.

Table 4.2. Unit cell parameters for C2.
Crystal System  Triclinic
Space Group  P1 (2)

a(A) 4.223(9)

b (A) 15.022(9)
c(A) 37.330(1)
a (°) 138.07(6)
18 75.24(1)

y (°) 101.98(6)
V (A3 1529.88(8)
R-wp (%) 1.41
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Figure 4.5. Pawley fit for C2, showing the observed powder pattern (blue), the
calculated powder pattern (red), the difference plot (grey) and the peak positions. [187]
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42. MCS4

4.2.1. Design and Synthesis

The reaction of the bifunctional Cz monomer (3,5-diformylphenyl)boronic acid,
C2, with the monofunctional C3 monomer triphenylene-2,3,6,7,10,11-hexol hydrate, C5,
and the monofunctional C> monomer 4-(3,4-diaminophenyl)benzene-1,2-diamine, C1,
was expected to result in the co-condensation of boronic acid with dialcohol end groups
and of aldehyde with amine end groups, to form a 2D boronate ester and imine linked

COF, exhibiting hexagonal symmetry (Figure 4.6, Scheme 4.2).

Figure 4.6. Hexagonal COF resulting from the combination of two C3 monomers and
one C> monomer.

H

le} OH

HO OH {‘I’
NH
HO\B/OH 2

HO O OH NH,
+ + iill —_— o_ _O
H H B
HO OH ° o "N
NH, H

H

N o)
C5 Cc2 C1
H,N
O NH,
H,N

Scheme 4.2. The expected boronate ester and imine links formed between monomers
C5, C2 and C1.
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These building blocks were reacted together in a 1 + 3 + 3 condensation via reflux
(section 3.1.2.1). A change in colouration was observed from the black, white and light
brown colouration of the monomers respectively, to a golden crystalline powder obtained
from the acetic acid-catalysed reaction in 1:1 1,4-dioxane:1,3,5-trimethylbenzene
(MCS4_001). Upon washing with oxolane (MCS4_002) and subsequent drying under

vacuum (MCS4_003), the sample retained its colouration.

4.2.2. Characterisation and Analysis

The crystalline nature of the samples was determined under the microscope, upon

reflection of plane polarised light (Figure 4.7).

Figure 4.7. Photomicrograph of MCS4_001 from reflux with 1:1 1,4-dioxane:1,3,5-
trimethylbenzene and acetic acid drops.

The X-ray powder patterns for the three samples are the same, showing a high
background and few peaks of low intensity. MCS4 001 has the best crystallinity,
suggesting that the washing and drying protocol had an effect on the crystal structure.
Once again, there were too few peaks to carry out reliable indexing, or to effectively
compare the laboratory data for MCS4 001, with the patterns for the three monomers
(Figure 4.8). Variable temperature PXRD measurements will thus be carried out at high
temperatures, to try to improve the crystallinity of the sample and check for the formation

of a new crystal structure.
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Figure 4.8. Laboratory PXRD patterns for MCS4_001 (blue), MCS4_002 (red) and
MCS4_003 (black), obtained from an acetic acid-catalysed 3 + 3 + 1 condensation of
the monomers via reflux in 1:1 1,4-dioxane:1,3,5-trimethylbenzene, upon washing with
oxolane, and subsequent drying under vacuum, respectively, and for the C1 (green), C2
(yellow) and C5 (turquoise) monomers at 293 K, and the simulated patterns of the C5
monomer from the CSD (XEFSIK — salmon and APOLIB — grey).

The formation of new imine and boronate ester links between the three monomers
was confirmed by FTIR spectroscopy. The spectrum for MCS4_001 shows weak bands
at 1680-1640 cmt, characteristic of C=N stretching and indicative of the formation of
imine bonds. The C=0 stretching band of the free aldehyde (1740-1720 cm™) and the
N-H stretching and N—H bending bands of the free amine (3385 and 1500 cm) are all
absent or significantly attenuated, confirming that all of the amine and aldehyde end
groups reacted during reflux. Similarly, the O—H stretching band (3435 cm™), the
asymmetric B-O stretching band (1340 cm™), the symmetric B-C stretching band
(1317 cm™), the in-place O—H bending band (972 cm™) and the out-of-plane vibration
band (648 cm™), characteristic of boronic acid, and the O—H stretching band (3450-
3200 cm™?), the O—H bending band (1436 cm™) and the C—O stretching band (997 cm™),
characteristic of the free alcohol, are all absent in MCS4_001. This confirms that all of
the boronic acid and dialcohol end groups reacted during reflux, to form boronate ester
links, exhibiting their characteristic symmetric C-O and B—O stretching bands at 1240
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and 1050 cm™ respectively. The FTIR spectrum for MCS4_001 is noticeably different
from the spectra of the pure starting monomers (Figure 4.9), providing evidence that a

new imine and boronate ester linked structure was formed.

"‘"\__/WJ‘WW -

—C2
—-C1

—MCS4_001

4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber / cm?

Figure 4.9. FTIR spectra for MCS4_001 (blue), obtained from an acetic acid-catalysed
3 + 3 + 1 condensation of the monomers via reflux in 1:1 1,4-dioxane:1,3,5-
trimethylbenzene, and for the C1 (red), C2 (black) and C5 (green) monomers.

Hot stage analysis revealed that the new structure has a high thermal stability. A
morphological change was only observed at a temperature of 477.9 °C, upon which the
sample started to shrink (Table 4.3). This can be attributed to the new strong covalent
imine and boronate ester bonds, which require a substantial amount of energy before
being broken and exhibiting decomposition behaviour. No melting phase was observed
at 175-177 °C, 259-261 °C or 293-300 °C, the much lower melting ranges of the starting
molecules respectively. This confirms the presence of strong intramolecular bonds, as
opposed to the weak intermolecular bonds of the pure monomers, and the absence of
unreacted linkers. STA will be carried out for a more in-depth and quantifiable

investigation on the thermal stability and decomposition behaviour of the new structure.
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Table 4.3. Temperature programme followed during hot stage microscopy of MCS4_001,
corresponding observations and photomicrographs of the morphological changes.

Rate Limit ) Photomicrograph of observed
Ramp ) Observation
(°C/min) (°C) changes

1. No observed
_ 15 350
Heating change
2. Slow shrinking at
_ 5 600
Heating 477.9 °C

Faster shrinking at
529.6 — 597.7 °C

3. No observed

Cooling change
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4.2.3. New Polymorph for triphenylene-2,3,6,7,10,11-hexol hydrate, C5

Comparison of the laboratory data for the C5 monomer with the simulated patterns
for the reported structure, XEFSIK and APOLIB, as obtained from the CSD, confirms the
discovery of a new polymorph for the dialcohol. Table 4.4 shows the unit cell parameters,
after Pawley fitting, for a triclinic centrosymmetric P1 (2) space group (Figure 4.10).

Structure solution is currently underway at the time of writing.

Table 4.4. Unit cell parameters for C5.
Crystal System  Triclinic

Space Group P17 (2)

a(A) 10.305(1)
b (A) 18.458(5)
c(A) 36.086(4)
a (°) 117.72(2)
B () 104.38(0)
y (°) 104.86(2)
V (A3) 5303.10(8)
R-wp (%) 4.72
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Figure 4.10. Pawley fit for C5, showing the observed powder pattern (blue), the
calculated powder pattern (red), the difference plot (grey) and the peak positions. [187]
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43. MCS6

4.3.1. Design and Synthesis

The reaction between (3,5-diformylphenyl)boronic acid, C2, and 2-amino-2-
(hydroxymethyl)propane-1,3-diol, C6, is another monomer combination involving the
Schiff-base condensation of amine and aldehyde functional groups alongside the co-
condensation of boronic acid with dialcohol. The bifunctional C6 linker has an innate Tq
symmetry. However, this reaction is designed so that only the amine and two of its alcohol
groups react, with the third alcohol group functionalising the pore wall through a bottom-
up approach. It was expected that new imine and 1,3,2-dioxaborinane links form, into a
3D COF (Scheme 4.3). Computational analysis would be required to determine the

structural topology of the framework.

HZ%H
HO\B/OH O\B/O
H,N
+ E—
H H HO OH H H

| || o ” |

o o} N
C2 C6 Ho/>y\0H

Scheme 4.3. The expected imine and 1,3,2-dioxaborinane links formed between
monomers C2 and C6.

These building blocks were reacted together in a 1 + 2 condensation via reflux
(section 3.1.2.1). From the acetic acid-catalysed reaction of the two white coloured
monomers in 1:1 14-dioxane:1,3,5-trimethylbenzene, a yellow-orange crystalline
powder was obtained. Upon washing with oxolane (MCS6_001) and subsequent drying

under vacuum (MCS6_002), the sample retained its colouration.
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4.3.2. Characterisation and Analysis

The crystalline nature of the samples was determined under the microscope, upon

reflection of plane polarised light (Figure 4.11).

Figure 4.11. Photomicrographs of MCS6_001 (left) and MCS6_002 (right) from reflux
with 1:1 1,4-dioxane:1,3,5-trimethylbenzene and acetic acid drops, after washing and
drying respectively.

The X-ray powder patterns for the two samples both show a high background.
However, the low intensity peaks are different in MCS6_001 and MCS6_002, indicating
that the washing and drying protocol had an effect on the crystal structure. Furthermore,
comparison of the laboratory data for the two samples with the patterns for the two
monomers, confirms that the patterns are completely different and thus originate from
different crystal structures (Figure 4.12). Reliable indexing could not be successfully
carried out due to the overlapping of some of the reflections. Variable temperature PXRD
measurements will thus be carried out at low and high temperatures, to check for peak
resolution and better crystallinity respectively. Assuming the material exhibits a positive
thermal expansion, the d spacing between the crystal lattice planes decreases upon
cooling, resulting in peak resolution due to a shift to higher 20, as stated by Bragg’s Law
(nA = 2d sin®).
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Figure 4.12. Laboratory PXRD patterns for MCS6_001 (blue) and MCS6_002 (red),
obtained from an acetic acid-catalysed 1 + 2 condensation of the monomers via reflux in
1:1 1,4-dioxane:1,3,5-trimethylbenzene and upon washing with oxolane, and
subsequent drying under vacuum, respectively, and for the C2 (black) and C6 (green)
monomers, at 293 K.

The formation of new imine and 1,3,2-dioxaborinane links between the two
monomers was confirmed by FTIR spectroscopy. The spectra for MCS6_001 and
MCS6_002 are identical, showing weak bands at 1680-1640 cm™, characteristic of C=N
stretching and indicative of the formation of imine bonds. The C=0 stretching band of
the free aldehyde (1740-1720 cm™) and the N-H bending band of the free amine
(1598 cm™) are both absent, confirming that all of the amine and aldehyde end groups
reacted during reflux. Similarly, the O—H stretching band (3435 cm?), the asymmetric B—
O stretching band (1340 cm'?), the symmetric B—C stretching band (1317 cm™), the in-
place O—H bending band (972 cm™) and the out-of-plane vibration band (648 cm™),
characteristic of boronic acid, and the O—H bending band (1398-1338 cm™) and the C-O
stretching band (1072-977 cm™), characteristic of the free alcohol, are all absent or
significantly attenuated in MCS6_001 and MCS6_002. This confirms that all of the
boronic acid and dialcohol end groups reacted during reflux, to form 1,3,2-dioxaborinane
links, exhibiting their characteristic symmetric C—O and B—O stretching bands at 1240
and 1095-1035 cm™ respectively, and the out-of-plane vibration band at 688 cm™. The
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FTIR spectra for MCS6_001 and MCS6_002 are noticeably different from the spectra of
the pure starting monomers (Figure 4.13), providing evidence that a new imine and 1,3,2-

dioxaborinane linked structure was formed.
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Figure 4.13. FTIR spectra for MCS6_001 (blue) and MCS6_002 (red), obtained from
an acetic acid-catalysed 1 + 2 condensation of the monomers via reflux in 1:1 1,4-
dioxane:1,3,5-trimethylbenzene and upon washing with oxolane, and subsequent drying
under vacuum, respectively, and for the C2 (black) and C6 (green) monomers.

Hot stage analysis revealed that the new structures have a rather low thermal
stability. A morphological change was observed at a temperature of 145.0 °C, upon which
MCS6_001 started to melt, darken and shrink (Table 4.5). MCS6_002 followed the same
pattern at a slightly higher temperature, skipping the melting phase. No melting phase
was observed at 259-261 °C and 168-170 °C, the melting ranges of the starting molecules
respectively. This confirms the absence of unreacted linkers and the formation of new
covalent imine and 1,3,2-dioxaborinane bonds. Both samples exhibit possible
decomposition behaviour at high temperatures. A better understanding of the structural
changes taking place is required. Thus, a more in-depth and quantifiable investigation on
the thermal stability and decomposition behaviour of the new structures, will be carried

out using STA, in combination with variable temperature PXRD data.

87



MCS6

COF Synthesis

Table 4.5. Temperature programme followed during hot stage microscopy of MCS6_001

, corresponding observations and photomicrographs of the morphological

and MCS6_002

changes.
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44. MCS7

4.4.1. Design and Synthesis

The first LAG (section 3.1.2.2) reaction was carried out via a two-step procedure,
through the  Schiff-base  condensation of the Tgq linker 2-amino-2-
(hydroxymethyl)propane-1,3-diol, C6, with the C; linker terephthalaldehyde, C7,
followed by condensation of the remaining alcohol groups with the C; linker pyridine-
2,5-dicarboxylic acid, C8. Unlike in MCS®6, all of the functional groups of C6 were
expected to participate in bonding, to form a 3D imine and ester linked COF (Scheme
4.4). Computational analysis would be required to predict the structural topology of the

framework.
H
[@ Jrmm
H (@]
—O \ OH —N OH
H,N
+ + /T — : ??
HO OH N\ / OH
N O
HO [@)— HO o)
N\
H (e}
7 N\
C6 C7 C8 _
—O
HO

Scheme 4.4. The expected imine and ester links formed between monomers
C6, C7 and C8.

These building blocks were reacted togetherina2 + 1+ 3 and a4 + 2 + 9 linker
ratio, using a series of catalytic solvents (Table 4.6). No change in colouration was
observed for any of the samples.
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2+1+3

condensation

4+2+9

condensation
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Table 4.6. Catalytic solvents used in LAG synthesis of MCS7 samples.

Catalytic solvent

MCS7

MCS7_001 MCS7_011 Water
MCS7_002 MCS7_012 Ethanol
MCS7_003 MCS7_013 Oxolane
MCS7_004 MCS7_014 Benzene
MCS7_005 MCS7_015 5:1 methanol:ethoxyethane
1:1 dichloromethane:N,N-
MCS7_006 MCS7_016 ) _
dimethylacetamide
1:11,4-dioxane:1,3,5-
MCS7_007 MCS7_017 )
trimethylbenzene
MCS7_008 MCS7_018 1:1 oxolane:methanol
1:1:0.05 1,4-dioxane:1,3,5-
MCS7_009 MCS7_019 ) o
trimethylbenzene:acetic acid (3M)
1:3:0.2 1,4-dioxane:1,3,5-
MCS7_010 MCS7_020

trimethylbenzene:acetic acid (3M)

4.4.2. Characterisation and Analysis

The crystalline nature of the samples was determined under the microscope, upon
reflection of plane polarised light (Figure 4.14). Comparison of the laboratory PXRD data
for the samples with the powder patterns for the three monomers and with their simulated
patterns, JULZAR, JULZARO1 and KIDVQJ, from the CSD (Figure 4.15), confirms that
six patterns (MCS7_009, MCS7_010, MCS7_016, MCS7_017, MCS7_019 and
MCS7_020) are completely different and thus originate from different crystal structures.
The patterns for MCS7_009 and MCS7_010 are the same as that for MCS7_016, while
those for MCS7_016, MCS7_017 and MCS7_019 are similar but not identical. The

pattern for MCS7_020 is not similar to any of the new patterns. This indicates that the
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change in solvent affected the formation of the new structures. Two other patterns,
MCS7_002 and MCS7_014, are also different from the patterns of the monomers, with
some peaks in common with the reagents, indicating the presence of unreacted linkers.

The powder patterns obtained for MCS7_003, MCS7_004 and MCS7_007 (Figure
10.1), reveal the formation of a mixture, something new with excess starting monomers.
Once the decomposition temperature of the excess linker is confirmed, STA and variable
temperature PXRD will be carried out on these three samples, to obtain the pure new
structures.

The powder patterns obtained for MCS7_005, MCS7_012, MCS7_013, MCS7_015
and MCS7_018 are identical and the same as the patterns for the C7 and C8 linkers, upon
comparison, indicating that the reaction was not successful (Figure 10.2). Similarly, the
pattern for MCS7_008 is the same as the simulated pattern of the aldehyde, JULZAR, as

obtained from the CSD. No further analysis was thus carried out on any of these samples.
Laboratory PXRD data collection for the remaining MCS7_006 and MCS7_011 is

currently underway at the time of writing.

= ; . Bl i oo™
0.5mm 0.5mm SR o -~ 05mm

Figure 4.14. Photomicrographs of MCS7_002 from the 2 + 1 + 3 condensation (top
left), and MCS7_014 (top centre), MCS7_016 (top right), MCS7_017 (bottom left),
MCS7_019 (bottom centre) and MCS7_020 (bottom right) fromthe 4 +2 +9
condensation.
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Figure 4.15. Laboratory PXRD patterns for MCS7_002 (blue), MCS7_009 (red),
MCS7_010 (black), obtained from a 2 + 1 + 3 condensation of the monomers via LAG
in a catalytic amount of ethanol, 1:1:0.05 1,4-dioxane:1,3,5-trimethylbenzene:acetic
acid (3M), and 1:3:0.2 1,4-dioxane:1,3,5-trimethylbenzene:acetic acid (3M),
respectively, MCS7_014 (green), MCS7_016 (yellow), MCS7_017 (turquoise),
MCS7_019 (salmon) and MCS7_020 (grey), obtained from a 4 + 2 + 9 condensation of
the monomers via LAG in a catalytic amount of benzene, 1:1 dichloromethane:N,N-
dimethylacetamide, 1:1 1,4-dioxane:1,3,5-trimethylbenzene, 1:1:0.05 1,4-dioxane:1,3,5-
trimethylbenzene:acetic acid (3M), and 1:3:0.2 1,4-dioxane:1,3,5-
trimethylbenzene:acetic acid (3M), respectively, and for the C6 (spring green), C7
(orange) and C8 (blue grey) monomers at 293 K, and the simulated patterns of the C7
(JULZAR - violet and JULZARO1 — pink) and C8 (KIDVOJ — olive) monomers from
the CSD.
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During synthesis of MCS7_001, there was not enough product collected from the
first step of LAG, to continue the second LAG step. Laboratory PXRD data for this
sample (Figure 4.16) confirms the formation of another new crystal structure, from the

reaction between C6 and C7.

Terephthalaldehyde JULZARO1

I I —— Terephthalaldehyde JULZAR
A l Jl M, e W

:; AAA, —
©
>
= —c7
c
8 AN
=
] l —C6
A A I l. l I.l A A
—MCS7_001
0 10 20 30 40 50 60

20/°

Figure 4.16. Laboratory PXRD patterns for MCS7_001 (blue), obtained froma2 + 1
condensation of the monomers via LAG in a catalytic amount of water, and for the C6
(red) and C7 (black) monomers at 293 K, and the simulated patterns of the C7
monomer from the CSD (JULZAR — green and JULZARO1 - yellow).

4.4.2.1. The new crystal structures

Pawley fitting on the unit cell parameters from indexing of MCS7_017, to fit the
experimental powder pattern, confirmed that the new crystal structure belongs to the
triclinic centrosymmetric P1 (2) space group. Structure solution using rigid body analysis
and subsequent Rietveld refinement, produced an R-wp of 11.799 % and an R_Bragg
value of 3.919 (Table 4.7), for the simulated structure, indicating that this derived model
structure is in good agreement with the observed experimental pattern (Figure 4.17).
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The structure features the synthesised imine and ester links as expected in Scheme
4.4, with all four functional groups of C6 participating in bonding with C7 and C8, to
form a four-armed building block (Figure 4.18). This building unit interacts with one
other, using two of its pyridinedicarboxylate arms and its para-phenyldiimine arm, to
form a cage, as shown in Figure 4.19 and Figure 4.20. Cages are then linked together via
the third and remaining pyridinedicarboxylate arm of the building unit, to form linear
chains. An axis connecting both C30 atoms of the same cage, alternates direction in
successively linked cages, creating a herringbone motif. The elongated cages have
dimensions of 8.962, 8.753 and 4.271 A, and are found at a 25.555 A distance along
linked chains. The chains run parallel to each other, at an 18.867 A distance along the b

axis and a 51° angle to the c axis, and are linked via intermolecular hydrogen bonds.
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Table 4.7. Chemical, crystallographic and refinement parameters of MCS7_017,
obtained by laboratory PXRD using Cu Ky, radiation. [195]

C95H73Nl3038

Formula weight (g molt) 2004.66

Temperature (K)
Crystal System
Space Group
a(A)

b (A)

c(A)

a (%)

B ()

7 (°)

V (A3

z

Pcaic (9 M)
Wavelength (A)
F(000)

R-wp (%)
R_Bragg

Starting angle (°, 20)
Final angle (°, 20)
Step width (°, 20)

293
Triclinic
P1(2)
12.774(0)
18.867(0)
21.214(7)
80.15(9)
100.57(7)
140.64(1)
3183.94(7)
2

2.091
1.5406
2076
11.799
3.919

4.0

60.0
0.015
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Figure 4.17. Rietveld plot for MCS7_017, obtained from a 4 + 2 + 9 condensation of
C6, C7 and C8, via LAG in a catalytic amount of 1:1 1,4-dioxane:1,3,5-
trimethylbenzene, showing the observed powder pattern (blue), the calculated powder
pattern (red), the difference plot (grey) and the peak positions. [187]
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034

Figure 4.18. The building block of the new imine and ester linked structure
(MCS7_017), showing the labelling scheme. Hydrogen atoms are omitted for clarity.
[196]

Figure 4.19. The crystal structure of the imine and ester linked chains, viewed along the
a axis. Hydrogen atoms are omitted for clarity. [196]
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Figure 4.20. The crystal structure of the imine and ester linked chains, viewed along the
b axis. Hydrogen atoms are omitted for clarity. [196]

Structure solution using rigid body analysis was also carried out on MCS7_016,
following Pawley fitting on the unit cell parameters from indexing. The same rigid body
(Scheme 4.5) used to solve MCS7_017, was also used for this structure, since the only
difference in the synthetic method was a change in solvent. The lowest energy

conformation of the rigid body was successful in solving this new crystal structure in the

triclinic centrosymmetric P1 (2) space group. Rietveld refinement is currently underway
at the time of writing. Table 4.8 shows the unit cell parameters, after Pawley fitting
(Figure 4.21). Although both MCS7_017 and MCS7_016 belong to the same crystal
system and space group, the difference in unit cell parameters, and consequently in atomic
coordinates, is a direct effect of the change in solvent from 1:1 1,4-dioxane:1,3,5-
trimethylbenzene to 1:1 dichloromethane:N,N-dimethylacetamide respectively.
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HO

OH

Scheme 4.5. The asymmetric unit used for the structure solution of MCS7_017 and
MCS7_016, using rigid body analysis.

Table 4.8. Unit cell parameters for MCS7_016.
Crystal System  Triclinic

Space Group  P1 (2)

a(A) 13.724(7)
b (A) 17.542(8)
c(A) 17.590(6)
a (°) 73.30(8)
18 80.51(7)

7 (%) 70.96(6)

V (A3 3823.25(4)
R-wp (%) 3.22

The Pawley fitted unit cells for MCS7_002 and MCS7_014, also both belong to the

triclinic centrosymmetric P1 (2) space group. Structure solution using rigid body analysis
for these two new structures, is also currently underway at the time of writing. Table 4.9
shows the unit cell parameters, after Pawley fitting (Figure 4.22). The unit cell parameters
are once again affected by a change in solvent to non-polar benzene for MCS7_014, and
to polar protic ethanol for MCS7_002. This change is accompanied by a change in linker
condensation to a smaller ratio for the latter sample.

The powder patterns for MCS7_019 and MCS7_020 are yet to be indexed and

Pawley fitted, followed by crystal structure determination. Only then, will a complete
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comparison between all the new crystal structures synthesised as part of reaction MCS7,
be possible. In the same manner, structure solution will also be carried out for MCS7_001
from the first LAG step.

Table 4.9. Unit cell parameters for MCS7_002 and MCS7_014.

MCS7_002  MCS7_014
Crystal System | Triclinic Triclinic
Space Group | P1 (2) P1(2)
a (A) 5.658(3) 16.959(6)
b (A) 19.130(2) 19.819(3)
¢ (A) 31.303(7) 23.694(1)
a(°) 139.84(8) 76.36(2)
B () 78.83(7) 56.58(9)
7 (°) 77.14(2) 62.10(7)
V (A3 1737.48(2)  5873.25(7)
R-wp (%) 457 4.64
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Figure 4.21. Pawley fit for MCS7_016, obtained from a 4 + 2 + 9 condensation of C6,
C7 and C8, via LAG in a catalytic amount of 1:1 dichloromethane:N,N-
dimethylacetamide, showing the observed powder pattern (blue), the calculated powder
pattern (red), the difference plot (grey) and the peak positions. [187]
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Figure 4.22. Pawley fits for MCS7_002 (top) and MCS7_014 (bottom), obtained from a
2 +1 + 3 condensation of C6, C7 and C8, via LAG in a catalytic amount of ethanol,
and from a 4 + 2 + 9 condensation of the monomers, via LAG in a catalytic amount of
benzene, respectively, showing the observed powder patterns (blue), the calculated
powder patterns (red), the difference plots (grey) and the peak positions. [187]
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4.4.2.2. Supportive Characterisation

The formation of new imine and ester links between the three monomers was
supported by FTIR spectroscopy. The spectra for MCS7_002, MCS7_014, MCS7_016,
and MCS7_017 are identical, showing weak bands at 1650 cm, characteristic of C=N
stretching and indicative of the formation of imine bonds. The C=0 stretching band of
the free aldehyde (1697 cm™) is replaced by the C=0 stretching band of the aromatic ester
bond (1720-1700 cm™), while the N-H bending band of the free amine (1589 cm™) is
absent, confirming the formation of ester bonds and the absence of unreacted amine
groups. The C—H stretching band of the free aldehyde (2850 cm™), is absent in all
samples, confirming that all of the aldehyde groups reacted during LAG. Similarly, the
O-H stretching band of the free carboxylic acid (3095 cm™) is absent in all samples,
except in MCS7_002, supporting the presence of unreacted carboxylic acid linkers in the
latter. The FTIR spectra for all four samples are noticeably different from the spectra of
the pure starting monomers (Figure 4.23), providing evidence that new imine and ester
links were consistently formed, despite the change in solvent and linker environments
affecting the formation of the resulting crystal structures.

Hot stage microscopy revealed that the new structures are thermally stable up to
170 °C, upon which the samples start to shrink, melt and darken. MCS7_014 is the most
thermally stable of the four tested samples, with the remaining MCS7_002, MCS7_016
and MCS7_017 following the same pattern of morphological changes at a maximum of
10 °C decrease in temperature (Table 4.10, Table 4.11). No melting phase was observed
at 168-169 °C and 115-116 °C, the melting ranges of the C6 and C7 linkers respectively,
confirming their complete reaction to form new, larger, covalently bonded units. All four
samples had melted and started darkening, before the melting point of the C8 linker
(244 °C) was reached. The unit cell parameters and hence crystal packing, the atomic
connectivity, and the solvent environment during synthesis, are all factors which may
affect the thermal stability of a material. A more in-depth and quantifiable investigation
will thus be carried out using STA and variable temperature PXRD, to better understand
the behaviour of the new structures upon heating.

Characterisation of MCS7_001, MCS7_019 and MCS7_020 using techniques other
than PXRD, including FTIR and hot stage microscopy, is currently underway at the time

of writing.
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Figure 4.23. FTIR spectra for MCS7_002 (blue), obtained froma2 + 1+ 3
condensation of the monomers via LAG in a catalytic amount of ethanol, MCS7_014
(red), MCS7_016 (black) and MCS7_017 (green), obtained froma4 +2 +9
condensation of the monomers via LAG in a catalytic amount of benzene, 1:1
dichloromethane:N,N-dimethylacetamide, and 1:1 1,4-dioxane:1,3,5-trimethylbenzene,
respectively, and for the C6 (yellow), C7 (turquoise) and C8 (salmon) monomers.
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Table 4.10. Temperature programme followed during hot stage microscopy of

, corresponding observations and photomicrographs of the

morphological changes.

MCS7_002 and MCS7_014
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Table 4.11. Temperature programme followed during hot stage microscopy of

, corresponding observations and photomicrographs of the

morphalogical changes.

MCS7_016 and MCS7_017
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4.4.3. New Polymorph for terephthalaldehyde, C7

Comparison of the laboratory data for the C7 monomer with the simulated patterns
for the reported structure, JULZAR and JULZARO1, as obtained from the CSD, confirms

the discovery of a new polymorph for the aldehyde. Table 4.12 shows the unit cell

parameters, at Rietveld refinement stage, for a triclinic centrosymmetric P1 (2) space

group (Figure 4.24).

Table 4.12. Unit cell parameters for C7.
Crystal System  Triclinic
Space Group P17 (2)

a (A) 5.344(5)
b (A) 8.843(5)
c (A) 7.316(9)
a(°) 79.47(9)
B 64.17(6)
7 (%) 74.59(3)
V (A?) 299.22(2)
R-wp (%) 11.15
R_Bragg 3.95
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Figure 4.24. Rietveld plot for C7, showing the observed powder pattern (blue), the
calculated powder pattern (red), the difference plot (grey) and the peak positions. [187]

111



COF Synthesis
MCS7

4.4.4. New Polymorph for pyridine-2,5-dicarboxylic acid, C8

Comparison of the laboratory data for the C8 monomer with the simulated pattern
for the reported structure, KIDVQOJ, as obtained from the CSD, confirms the discovery of
a new polymorph for the carboxylic acid. Table 4.13 shows the unit cell parameters, at
Rietveld refinement stage, for a triclinic centrosymmetric P1 (2) space group (Figure
4.25).

Table 4.13. Unit cell parameters for C8.
Crystal System  Triclinic
Space Group P17 (2)

a(A) 11.547(5)
b (A) 14.529(6)
c(A) 22.705(2)
a (°) 124.38(5)
B () 120.42(2)
y (°) 67.09(0)

V (A3) 2682.25(6)
R-wp (%) 26.63
R_Bragg 5.49
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Figure 4.25. Pawley fit for C8, showing the observed powder pattern (blue), the
calculated powder pattern (red), the difference plot (grey) and the peak positions. [187]
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45. MCS8

4.5.1. Design and Synthesis

The first reaction incorporating pyridine-2,6-dicarbaldehyde, C9, the pH-sensitive
smart polymer through a bottom-up approach, was carried out via another two-step LAG
(section 3.1.2.2) protocol. The amine group of the same Tq monomer, C6, was reacted
with the C9 aldehyde, after which the remaining alcohol groups of C6 were reacted with
the same C8 carboxylic acid, ina2 + 1+ 3 and a 4 + 2 + 9 condensation ratio, using a
series of catalytic solvents (Table 4.14). Similar to MCS?7, all of the functional groups of
C6 were expected to participate in bonding, to form a 3D imine and ester linked COF
(Scheme 4.6). Computational analysis would be required to predict the structural

topology of the framework.

o)
H,N — H
+ Y/, \\ + T
HO’)y\OH /§\jl\>_/o \ N/
HO H\ o
o] \o
C6 C9 Cs8

Scheme 4.6. The expected imine and ester links formed between monomers
C6, C9 and C8.

During the synthesis of MCS8_002, MCS8 003, MCS8 005, MCS8_006,
MCS8_008 and MCS8_009, there was not enough product collected from the first step
of LAG, to continue the second LAG step or carry out any characterisation. For all the
other samples, a small change in colouration was observed from the white, brown and

white coloured monomers respectively, to off-white crystalline powders.
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condensation
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condensation
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Table 4.14. Catalytic solvents used in LAG synthesis of MCS8 samples.

Catalytic solvent

MCS8

MCS8 001 MCS8_011 Water
MCS8 002 MCS8_012 Ethanol
MCS8 003 MCS8 013 Oxolane
MCS8 004 MCS8 014 Benzene
MCS8_005 MCS8 015 5:1 methanol:ethoxyethane
1:1 dichloromethane:N,N-
MCS8 006 MCS8 016 ) _
dimethylacetamide
1:11,4-dioxane:1,3,5-
MCS8 007 MCS8 017 )
trimethylbenzene
MCS8 008 MCS8 018 1:1 oxolane:methanol
1:1:0.05 1,4-dioxane:1,3,5-
MCS8 009 MCS8 019 ) o
trimethylbenzene:acetic acid (3M)
1:3:0.2 1,4-dioxane:1,3,5-
MCS8 010 MCS8 020

trimethylbenzene:acetic acid (3M)

4.5.2. Characterisation and Analysis

The crystallinity of the samples was determined under the microscope, upon
reflection of plane polarised light (Figure 4.26). Comparison of the laboratory PXRD data
for the samples with the powder patterns for the three monomers and with the simulated
pattern of the carboxylic acid, KIDVOJ, from the CSD (Figure 4.27), confirms that six
patterns (MCS8_001, MCS8_004, MCS8 010, MCS8_011, MCS8_016 and MCS8_020)
are completely different and thus originate from different crystal structures. All six
patterns are relatively identical at first glance, with MCS8 016 having the best
crystallinity. This indicates that the change in solvent did not seem to affect the formation

of the new structures in this reaction. However, since the samples resulted from a different
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condensation ratio and there are no peaks in common with the monomer with an increased
ratio, C8, for the second half of the samples, there is a high possibility that the linker mole
ratio together with the change in solvent affected the formation of the new structures.

The powder patterns obtained for MCS8 007, MCS8 012, MCS8 018 and
MCS8_019 (Figure 10.3), reveal the formation of a mixture, something new with excess
C8 monomer. STA and variable temperature PXRD will be carried out on these four
samples, to decompose the excess monomer and potentially obtain the pure new
structures.

The powder patterns obtained for MCS8 013, MCS8 014, MCS8_015 and
MCS8_017 are identical and the same as the pattern for the C8 monomer, upon

comparison, indicating that the reaction was not successful (Figure 10.4). No further

analysis was thus carried out on any of these samples.

0.5 mm T & E 0.5mm - 5 JF ol 0smm

Figure 4.26. Photomicrographs of MCS8_001 (top left) and MCS8_010 (top right)
from the 2 + 1 + 3 condensation, and MCS8_011 (bottom left), MCS8_016 (bottom
centre) and MCS8_020 (bottom right) from the 4 + 2 + 9 condensation.
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Figure 4.27. Laboratory PXRD patterns for MCS8_001 (blue), MCS8_004 (red),
MCS8_010 (black), obtained from a 2 + 1 + 3 condensation of the monomers via LAG
in a catalytic amount of water, benzene, and 1:3:0.2 1,4-dioxane:1,3,5-
trimethylbenzene:acetic acid (3M), respectively, MCS8 011 (green), MCS8 016
(yellow) and MCS8_020 (turquoise), obtained from a 4 + 2 + 9 condensation of the
monomers via LAG in a catalytic amount of water, 1:1 dichloromethane:N,N-
dimethylacetamide, and 1:3:0.2 1,4-dioxane:1,3,5-trimethylbenzene:acetic acid (3M),
respectively, and for the C6 (salmon), C9 (grey) and C8 (spring green) monomers at
293 K, and the simulated patterns of the C8 (KIDVOJ — orange) monomer from the
CSD.
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4.5.2.1. The new crystal structures

Pawley fitting on the unit cell parameters from indexing of MCS8_016, confirmed

that the new crystal structure belongs to the triclinic centrosymmetric P1 (2) space group.
Structure solution was successfully carried out using the rigid body in Scheme 4.7.
Rietveld refinement is currently underway at the time of writing. Table 4.15 shows the

unit cell parameters, after Pawley fitting (Figure 4.28).
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Scheme 4.7. The asymmetric unit used for the structure solution of MCS8_016, using
rigid body analysis.

Table 4.15. Unit cell parameters for MCS8 016.
Crystal System  Triclinic

Space Group P17 (2)

a (A 9.264(6)

b (A) 16.067(9)
c(A) 34.511(1)
a(°) 133.44(1)
18 68.89(3)

7 (°) 97.29(0)

V (A3 3424.29(2)
R-wp (%) 3.83
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The Pawley fit for MCS8_010 (Figure 4.28) revealed that one crystallographic
plane is shifted when compared to MCS8_016. The change in solvent from polar aprotic
1:1 dichloromethane:N,N-dimethylacetamide to predominantly non-polar 1:3:0.2 1,4-
dioxane:1,3,5-trimethylbenzene:acetic acid (3M), could account for this shift in
crystallographic planes. Both solvents in the former mixture are hydrogen bond acceptors,
with the possibility of forming strong hydrogen bonds with the O—H hydrogen bond donor
end groups. Conversely, in the latter solvent mixture, only dioxane is able to accept
hydrogen bonds, in conjunction with the potential mn-m intermolecular interactions
between 1,3,5-trimethylbenzene and the aromatic rings of the new structure. The strength
of intermolecular interactions is thus expected to be significantly stronger in MCS8_016
than in MCS8 010. The electron-withdrawing effects of the more polar 1:1
dichloromethane:N,N-dimethylacetamide solvent mixture, and the slightly larger size of
the 1,3,5-trimethylbenzene molecule, could also play a role in the shifting of
crystallographic planes, depending on the amount of solvent molecules present in the
crystal structure. These potential solvent effects, may also be accompanied by the change
to a smaller condensation ratio, with the same imine and ester links forming a different
asymmetric unit in MCS8_010.

For similar potential linker ratio and solvent effects, the latter arising due to the
small sized water solvent molecule, the powder pattern for MCS8_001 was also indexed

and Pawley fitted. Table 4.16 shows the unit cell parameters, after Pawley fitting (Figure

4.28), belonging to the triclinic centrosymmetric P1 (2) space group. Structure solution

using rigid body analysis is currently underway at the time of writing.

Table 4.16. Unit cell parameters for MCS8 _001.
Crystal System  Triclinic

Space Group P17 (2)

a(A) 14.878(7)
b (A) 17.840(5)
c(A) 17.191(3)
a (°) 68.89(7)
/18 99.16(8)

7 (°) 98.61(7)
V (A3 4181.67(3)
R-wp (%) 3.57
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Figure 4.28. Pawley fits for MCS8_016 (top), obtained from a 4 + 2 + 9 condensation
of C6, C9 and C8, via LAG in a catalytic amount of 1:1 dichloromethane:N,N-
dimethylacetamide, MCS8_010 (middle) and MCS8_001 (bottom), obtained from a 2 +
1 + 3 condensation of the monomers via LAG in a catalytic amount of 1:3:0.2 1,4-
dioxane:1,3,5-trimethylbenzene:acetic acid (3M) and water, respectively, showing the
observed powder patterns (blue), the calculated powder patterns (red), the difference
plots (grey) and the peak positions. [187]
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4.5.2.2. Supportive Characterisation

Once again, the formation of new imine and ester links between the three monomers
was supported by FTIR spectroscopy. The spectra for MCS8 001 and MCS8 016 are
identical, confirming the formation of the same new bonds in both samples, despite the
change in solvent and linker environments. The FTIR spectra for these two samples are
noticeably different from the spectra of the pure starting monomers (Figure 4.29),
showing weak bands at 1650 cm, characteristic of C=N stretching and indicative of the
formation of imine bonds. The C=0O stretching band of the free aldehyde (1740-
1720 cmY) is shifted to 1720-1700 cm™, representative of the C=0 stretching band of the
aromatic ester bond, while the N-H bending band of the free amine (1589 cm™) is
completely absent, confirming the formation of ester bonds and the absence of unreacted
amine groups. The C—H stretching band of the free aldehyde (2850 cm™) and the O—-H
stretching band of the free carboxylic acid (3084 cm™), are absent in both samples,
confirming the lack of unreacted aldehyde and carboxylic acid linkers respectively.

Hot stage microscopy revealed that the new structures, MCS8 001 and MCS8_016,
are thermally stable up to 164 and 227 °C, respectively (Table 4.17). The slight melting
phase observed for MCS8 001, at 184.9-194.0 °C, is missing for MCS8_016. No melting
phase was observed at 168-169 °C and 119-122 °C, the melting ranges of the C6 and C9
linkers respectively, confirming their complete reaction to form new, larger, covalently
bonded units. No change was observed at the melting point of the C8 linker (244 °C) for
MCS8_001, while MCS8 016 had already started exhibiting decomposition behaviour at
that temperature. Similarly to the shift in crystallographic planes, this different thermal
behaviour for the two samples, could potentially be due to a difference in the strength of
the hydrogen bonding interactions involved in the crystal structures, when varying the
catalytic solvent from water to 1:1 dichloromethane:N,N-dimethylacetamide. In order to
validate and determine the extent of the solvent and condensation ratio effects, STA and
variable temperature PXRD will be carried out on these new structures.
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Figure 4.29. FTIR spectra for MCS8_001 (blue), obtained froma2 +3+1
condensation of the monomers via LAG in a catalytic amount of water, and MCS8_016
(red), obtained from a 4 + 9 + 2 condensation of the monomers via LAG in a catalytic
amount of 1:1 dichloromethane:N,N-dimethylacetamide, and for the C6 (black), C8
(green) and C9 (yellow) monomers.
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4.5.3. Crystal Structure of pyridine-2,6-dicarbaldehyde, C9

The C9 pH-sensitive smart molecule was not found in the CSD. Indexing and

Pawley fitting is currently underway at the time of writing.
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4.6. MCS13
4.6.1. Design and Synthesis

The combination of the C> monomer, terephthalaldenyde, C7, with the Cs
monomer, N’,N’-bis(2-aminoethyl)ethane-1,2-diamine, C12, was expected to yield a 2D
hexagonal extended network (Figure 4.1), which forms periodically aligned columns
when its planar sheets are stacked. It was expected that the reaction between the aldehyde
and amine functional groups, as shown in Scheme 4.8, would result in the formation of a

2D imine linked COF, exhibiting hexagonal symmetry.

N
/T \
c7 C12 N Nz

Scheme 4.8. The expected imine link formed between monomers C7 and C12.

These building blocks were reacted together in a 1 + 1 condensation via two
different synthetic techniques: LAG as listed in section 3.1.2.2 and microwave irradiation
as listed in section 3.1.2.3. For LAG synthesis, a yellow crystalline powder was obtained
from the water-catalysed reaction (MCS13 001), while a catalytic 1:1
dichloromethane:N,N-dimethylformamide solvent mixture yielded dark orange single
crystals (MCS13_002). For microwave-assisted synthesis, a yellow crystalline powder,
with a similar appearance to the former, was collected from a reaction in water solvent
followed by washing in acetone (MCS13_004). A 2 + 1 condensation of the synthons via
water-catalysed LAG synthesis also resulted in a yellow crystalline powder
(MCS13_003). [181]

Further grinding of the MCS13_001 and MCS13_002 samples with the C3 linker,

N’,N’-bis(3-aminopropyl)propane-1,3-diamine, C4, and additional C7, was carried out
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to potentially increase the pore size of the framework. The same imine link was expected
to form from a 1 + 2 + 4 condensation ratio using catalytic amounts of water
(MCS13_005) or 1:1 dichloromethane:N,N-dimethylformamide (MCS13_006). This
design goes a step further than the previously discussed reactions, by constructing a
framework material from three different building monomers but using the same linkage
throughout. Both samples formed hard yellow-orange materials. Laboratory PXRD data

collection is currently underway at the time of writing.

4.6.2. Characterisation and Analysis

The crystallinity of the four samples was easily determined under the microscope,

as shown in Figure 4.30 below.

Figure 4.30. Crystalline powder of MCS13 001 (left), single crystals of MCS13 002
(centre) and crystalline powder of MCS13_004 (right).

Laboratory PXRD data for MCS13 001 and MCS13 003 and synchrotron
measurements for MCS13_001, MCS13_002 and MCS13_004, were collected according
to the specifications listed in section 3.4.1. Analysis of the synchrotron data determined
that the obtained material was not the expected 2D imine linked COF with hexagonal
symmetry. Instead, the dialdehyde and triamine monomers formed a clathrochelate cage
(Figure 4.31), the isolation of which had been reported in 1992. [197] Synchrotron data
comparison (Figure 4.32) of the obtained powder patterns for MCS13 001 and
MCS13 002, and the calculated pattern from SCXRD data for MCS13 004, with the
calculated pattern for the reported structure, KOMXAL, as obtained from the CSD,

indicates that all four patterns are the same and thus arise from the same crystal structure.
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Figure 4.31. The obtained clathrochelate, hexaimine binucleating macrobicycle. [181]
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Figure 4.32. Synchrotron PXRD patterns of the clathrochelate cage obtained for
MCS13_004 (blue), from a 1 + 1 condensation of C7 and C12 via microwave
irradiation in water and subsequent washing in acetone, MCS13_001 (red), MCS13_002
(black — calculated from synchrotron SCXRD), from a 1 + 1 condensation of the
monomers via LAG in a catalytic amount of water, and 1:1 dichloromethane:N,N-
dimethylformamide, respectively, as compared with the reported structure, KOMXAL
(green — calculated from single crystal data from the CSD). [181]

The free ligand (KOMXAL), isolated as the hexahydrate, had been formed via wet
synthesis, from a template-free 3 + 2 Schiff-base condensation of the same C7 and C12
building blocks. The synthons were stirred for 3-4 hours in 100 mL of acetonitrile at
ambient temperature, to generate the hexaimine binucleating macrobicycle which was

recrystallised from methanol. [197] This cryptand is particularly exploited for its capacity
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to form a homodinuclear cage complex, hosting two silver or two copper (I1) ions. Due
to their host-guest properties, clathrochelates are also used as phase transfer catalysts
[198], ion-exchangers [199], and precursors for the formation of molecular Russian-doll
superstructures [200].

The successful application of the LAG and microwave-assisted synthetic
techniques in producing the same hexaimine clathrochelate as wet chemical synthesis,
demonstrates their feasibility as green, rapid and facile alternative routes for traditional
pathways. These techniques have recently been widely favoured over conventional wet
synthetic techniques for the formation of organic systems in both academia and industry.
The transfer of energy via mechanical force, i.e. grinding, and/or microwaves, reduces
reaction time to minutes, providing a simple, highly efficient elevation of the internal
temperature of a reaction mixture. In fact, for the macrobicyclic ligand synthesis, reaction
time was reduced by more than 16 times, from 3-4 hours down to 12 to 15 minutes, as
summarised in Table 4.18. By proof of concept, these powerful, economical, energy-
efficient alternatives may potentially be employed for the synthesis of other cryptands,

which is often very expensive and rather difficult, and for large-scale applications. [181]

Table 4.18. Comparison of different synthetic techniques for the formation of the
hexaimine macrobicycle.

Wet
: . MW
chemical LAG synthesis .
. synthesis
synthesis
KOMXAL MCS13_002 MCS13 001 MCS13_004
Ratio of synthons:
3+2 1+1 1+1 1+1
C7+C12
o 12 min at 12 min at 15 min at
Reaction time 3-4h
255t 255t 150 W
11
dichloromethane
) Water
100 mL :N,N-dimethyl ] 20 mL
Solvent o ) (catalytic
Acetonitrile formamide Water
) volume)
(catalytic
volume)
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Additionally, a change in solvent mixture, from polar aprotic acetonitrile to 1:1
dichloromethane:N,N-dimethylformamide, two polar aprotic solvents, or to water, a polar
protic solvent, did not affect the formation of the cryptand. Laboratory PXRD data for
MCS13 001 and MCS13_003 (Figure 4.33), also presented the same powder patterns as
the synchrotron measurements and the structure reported in literature. This indicates that
a change in linker mole ratio from3+2to 1+ 1 or 2 + 1, also does not seem to affect the

formation of the free clathrochelate ligand.

—LAG 1:2 with water

Intensity f a.u.

— LAG 11 with water

20/°

Figure 4.33. Laboratory PXRD patterns of the clathrochelate cage obtained for
MCS13_001 (blue) and MCS13 003 (red), froma 1l + 1 and 2 + 1 condensation of C7
and C12, respectively, via LAG in a catalytic amount of water.

The analysis of synchrotron variable temperature PXRD measurements (Figure
4.34) indicates that the Schiff-base capsule is not thermally stable over 360 K. Powder
patterns at higher temperatures slowly start to lose the major peaks observed at low
temperatures, until no diffraction peaks are observed. The crystalline cage transforms into
an amorphous material upon heating over 360 K, possibly collapsing in an aperiodic way,
i.e. it gets distorted, or disintegrates and is destroyed. Further analysis of the high
temperature structures via electron microscopy is required to determine which of the two
possibilities is taking place.

Micro-Raman mapping will also be carried out on the MCS13 001, MCS13_002
and MCS13 004 samples, synthesised using different techniques, in order to determine

crystallite sizes and characterise the homogeneity of the samples.
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Figure 4.34. Synchrotron variable temperature PXRD data of MCS13_001, obtained
from a 1 + 1 condensation of the monomers via LAG in a catalytic amount of water,
upon heating from 336 to 414 K.
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4.7. MCS14

4.7.1. Design and Synthesis

The reaction between terephthalaldehyde, C7, and 2,5-dimethylbenzene-1,4-
diamine, C13, as building blocks, is another Schiff-base condensation. Using two C;
monomers, it was expected that the reaction would result in the formation of a 2D linear
imine linked polymeric chain (Figure 4.35, Scheme 4.9).

Figure 4.35. Linear polymeric chain resulting from the combination of two C»

monomers.
H H
W CH
O 3 =
O/K(j\( CHyq
HoN
N
+ — =
NH, H
o= CH, NH,
H CHs
C7 C13

Scheme 4.9. The expected imine link formed between monomers C7 and C13.

These building units were reacted together ina 1 + 2 condensation via LAG (section
3.1.2.2). A small change in colouration was observed from the light yellow and brown
colouration of the monomers respectively, to an orange crystalline powder obtained from
the oxolane-catalysed reaction (MCS14_001). [182] Although the two monomers are
expected to react together in a 1 + 1 condensation according to the number of functional
groups present, samples having this linker mole ratio did not produce crystalline

materials, and therefore lack a key feature of COFs.
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The crystalline nature of the sample was determined under the microscope, upon

reflection of plane polarised light (Figure 4.36). Comparison of the laboratory PXRD data

for MCS14 001 with the patterns for the aldehyde and amine monomers, and the
simulated patterns for the aldehyde, JULZAR and JULZARO1, from the CSD, confirms
that the two patterns are completely different and thus originate from different crystal

structures (Figure 4.37).

Figure 4.36. Crystalline powder of MCS14_001 from LAG with oxolane.

Intensity / a.u.

Figure 4.37. Laboratory PXRD patterns of MCS14 001, obtained froma 1 + 2

C13

——Terephthalaldehyde JULZARO1

A e

—Terephthalaldehyde JULZAR

10 20

MM e

40 50 60

condensation of the monomers via LAG in a catalytic amount of oxolane, at 298 K

(blue), for the C7 (red) and C13 (yellow) monomers at 293 K, and the simulated

patterns of the C7 (JULZAR — black and JULZARO1 — green) monomer from the CSD.
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4.7.3. The New Crystal Structure

This crystalline material exhibited diffraction peaks corresponding to reflections
from the (001), (010) and (100) planes, at ~ 7.18°, 12.06° and 15.18° respectively. Pawley

refinement on the unit cell parameters confirmed these peak assignments for a triclinic

centrosymmetric P1 (2) space group (Table 4.19). Structure solution using rigid body
analysis and subsequent Rietveld refinement, produced an R-wp of 11.687 % and an
R_Bragg value of 4.280, for the simulated structure, indicating that this derived model
structure is in good agreement with the observed experimental pattern (Figure 4.38).

The solved structure features the synthesised imine link (Figure 4.39) as expected
in Scheme 4.9. Linear polymeric chains are however not constructed of successive imine
links as would have been predicted. Rather, the nearest dimers along the b axis connect
together via carbon to carbon bonds, 1.366 A in length, between the C17 methyl group
on the amine of one dimer and the C2 atom in the ring of the aldehyde of the second
dimer. This results in linear chains along the b axis (Figure 4.40). These C17—C2 bonds
are found at approximately 120° angles to the planes of the aromatic rings, creating a
stair-like arrangement. The values for bond length and angle indicate that the C17 atom
is possibly sp? hybridised. No such connection has been listed in the CSD thus far (CSD
as accessed on 25" October 2018). [201]

Moving along the c axis, adjacent chains run parallel to each other, perpendicular
to the axis. Conversely, when moving along the a axis, neighbouring chains alternate in
their direction, such that they run antiparallel to each other and perpendicular to the axis.
Each two antiparallel chains are linked via intermolecular hydrogen bonds between the
free terminal amine group of one dimer, i.e. the hydrogen bond donor, and the nitrogen
participating in the imine link of the other dimer on the antiparallel chain, i.e. the
hydrogen bond acceptor (Figure 4.41). Additionally, these stacked antiparallel chains
contain face-to-face aromatic rings, the centroids of which are within significant range

for t-x interactions.
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Empirical formula
Formula weight (g mol?)
Temperature (K)
Crystal System
Space Group

a(A)

b (A)

c (A)

a(°)

B ()

7y (%)

V (A%

Z

Pcaic (9 cm)
Wavelength (A)
F(000)

R-wp (%)
R_Bragg

Starting angle (°, 20)
Final angle (°, 20)
Step width (°, 20)
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Table 4.19. Chemical, crystallographic and refinement parameters of phase A of
MCS14_001, obtained by laboratory PXRD using Cu Ky radiation. [195]

Ci6H7N;
455.48
298
Triclinic
P1(2)
6.054(2)
7.316(4)
12.915(7)
96.43(0)
106.32(3)
90.49(5)
545.11(3)
1

1.376
1.5406
235
11.687
4.280

4.0

60.0

0.03
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Figure 4.38. Rietveld plot for MCS14_001, obtained from a 1 + 2 condensation of C7
and C13 via LAG in a catalytic amount of oxolane, showing the observed powder
pattern (blue), the calculated powder pattern (red), the difference plot (grey) and the
peak positions. [187]
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Figure 4.39. The asymmetric unit of the new crystalline imine linked structure
(MCS14_001), showing the labelling scheme. [196]

=T

> d

Figure 4.40. The crystal structure of the imine linked chains, viewed along the c axis.
Hydrogen bonding interactions are shown as red dotted lines. [196]
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Figure 4.41. The crystal structure of the imine linked chains, viewed along the b axis.
Hydrogen bonding interactions are shown as red dotted lines. [196]

4.7.4. Thermodynamic phase change

Comparison of the laboratory data collected at 298 K with synchrotron data
collected at 120 K, indicates the presence of two different phases of this material, phase
A and phase B respectively. Variable temperature PXRD measurements were thus carried
out, in order to understand in real-time, the changes exhibited by the crystal structure,
when subjected to heating and cooling.

Analysis of laboratory powder patterns, collected upon heating from 303 to 633 K
(Figure 4.42), reveals a phase change taking place at 413 K, from phase A to this new
phase C of the material. Going above 558 K, the major peaks start to disappear. The
structure transforms into an amorphous material, indicating that this new crystalline
Schiff-base structure is not thermally stable over 558 K. Furthermore, the analysis of
synchrotron powder patterns, obtained by heating from 120 to 500 K and cooling back to
120 K (Figure 4.43), indicates that, upon heating, the structure undergoes a change from
phase B to phase C at 438 K. No other phase change is observed upon cooling, suggesting
that the material undergoes a temperature induced permanent phase change.

At this stage, it can be determined that phase B is the kinetic product while phase
C is the thermodynamic product. Phase A could possibly be an isolated intermediate.
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Figure 4.42. Laboratory variable temperature PXRD data of MCS14 001, obtained
from a 1 + 2 condensation of the monomers via LAG in a catalytic amount of oxolane,
upon heating from 333 to 573 K.

T/K

20/°

Figure 4.43. Synchrotron variable temperature PXRD data of MCS14_001, obtained
from a 1 + 2 condensation of the monomers via LAG in a catalytic amount of oxolane,
upon heating from 216 to 492 K.

Structure solution of the two discovered phases, phase B and phase C, was carried
out using rigid body analysis, to identify any intermolecular and intramolecular changes
in the crystal structure. The same rigid body used to solve phase A (Figure 4.39), was also
used to solve the two other phases. Pawley fitting revealed a change in the crystal system

and space group for phase B, to a monoclinic enantiomorphic polar P2 (3) space group,
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while phase C retained the triclinic centrosymmetric P1 (2) space group of phase A (Table

4.20, Figure 4.44). Significant differences are observed when comparing the unit cell

parameters of phases A and C, indicating a positive thermal expansion along all three

axes. The structure seems to lose its unique connectivity at low and high temperatures,

with both phase B and phase C having the imine linked asymmetric unit as discrete

molecules, alternating direction along the ¢ axis, and arranged in planes which run

perpendicular to the b axis. Rietveld refinement, for both phases, is currently underway

at the time of writing.

Table 4.20. Unit cell parameters for phases B and C of MCS14_001.

Phase B Phase C
Crystal System | Monoclinic Triclinic
Space Group P2 (3) P1 (2)
a(A) 32.027(2) 10.928(5)
b (A) 4.689(5) 16.285(7)
c(A) 61.718(3) 27.905(4)
a(°) 90 42.20(9)
B() 77.70(1) 94.42(1)
7 () 90 89.63(4)
V(A9 9056.92(1)  3311.88(4)
R-wp (%) 1.35 1.61
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Figure 4.44. Pawley fits for phase B (top) and phase C (bottom) of MCS14 001,
obtained from a 1 + 2 condensation of C7 and C13 via LAG in a catalytic amount of
oxolane, showing the observed powder patterns (blue), the calculated powder patterns
(red), the difference plots (grey) and the peak positions.
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4.7.5. Supportive Characterisation

The formation of new imine links was supported by FTIR spectroscopy. The
spectrum for MCS14_001, is visibly different from the spectra of the pure starting
monomers (Figure 4.45), with a sharp band at 1680-1660 cm™, characteristic of C=N
stretching, confirming the formation of new imine bonds. The C=0O stretching band
(1740-1720 cm™*) and the C—H stretching band (2860 cm™) of the free aldehyde, and the
N-H bending band (1635 cm™) and N—H stretching band (3400 cm™) of the free amine,
are all absent or significantly attenuated, confirming the formation of a new structure with
imine bonds and the absence of unreacted aldehyde and amine monomers.

STA will be carried out to supplement the thermal stability data obtained from

variable temperature PXRD.

—C13

—C7

—MCS14_001

4OI00 I 35I00 I 30I00 I 25IOO I 20IOO I 15I00 I 10IOO I 5(IJO I (I)
Wavenumber / cm
Figure 4.45. FTIR spectra for MCS14_001 (blue), obtained from a 1 + 2 condensation

of the monomers via LAG in a catalytic amount of oxolane, and for the C7 (red) and
C13 (black) monomers.
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4.7.6. Crystal Structure of 2,5-dimethylbenzene-1,4-diamine, C13

The C13 linker was not found in the CSD. Indexing and Pawley fitting is currently

underway at the time of writing.
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4.8. Unsuccessful Reactions

48.1. MCS2

The bifunctional Cs linker (3,5-diformylphenyl)boronic acid, C2, was reacted in a
1 + 1 condensation via reflux (section 3.1.2.1), with the Cz linker ethanedihydrazide, C3,
in 1:1 1,4-dioxane:1,3,5-trimethylbenzene and acetic acid as catalyst. The condensation
of aldehyde and hydrazide groups alongside the self-condensation of boronic acid groups,
was expected to yield a 2D hydrazone and boronate anhydride linked COF, exhibiting
hexagonal symmetry (Figure 4.1, Scheme 4.10). A cream crystalline powder was
obtained (MCS2_001), washed with oxolane (MCS2_002) and subsequently dried under
vacuum (MCS2_003).

o) H
o) _OH
HO.___OH Ef
B H «__OH
H,N—NH O B
+ ¢ —
H H o} NH-NH,
| ] ; i
7
C2 C3 HN
o)
Y*O
_NH

H,N

Scheme 4.10. The expected hydrazone and boronate anhydride links formed between
monomers C2 and C3.

The X-ray powder patterns obtained for the three samples are identical. The patterns
are also the same as the pattern for the C3 linker, upon comparison, indicating that the

reaction was not successful (Figure 10.5). No further analysis was thus carried out.
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4.8.2. MCS3

The same bifunctional Cs linker (3,5-diformylphenyl)boronic acid, C2, was reacted
in a 3 + 2 condensation via reflux (section 3.1.2.1), with the flexible C3 linker N’ N’-
bis(3-aminopropyl)propane-1,3-diamine, C4, in 1:1 1,4-dioxane:1,3,5-trimethylbenzene.
The Schiff-base condensation of aldehyde and amine groups alongside the self-
condensation of boronic acid groups, was similarly expected to yield a 2D imine and
boronate anhydride linked COF, exhibiting hexagonal symmetry (Figure 4.46, Scheme
4.11). A light-yellow powder was obtained (MCS3 _001), washed with oxolane
(MCS3_002) and subsequently dried under vacuum (MCS3_003).

Y
e

Figure 4.46. Hexagonal COF resulting from the combination of two C3 monomers.

NH, o] OH

(@)
c2 ca H/

Scheme 4.11. The expected imine and boronate anhydride links formed between
monomers C2 and C4.

145



COF Synthesis
Unsuccessful Reactions

The X-ray powder patterns obtained for the three samples show broad peaks and a
high background, indicative of amorphous materials (Figure 10.6). Since these samples
lack crystallinity, a key characteristic of COFs, comparison with linker patterns was

deemed unnecessary and no further analysis was carried out.

4.8.3. MCS5

Another synthetic reaction once again involved the bifunctional Cz linker (3,5-
diformylphenyl)boronic acid, C2, in reaction with the Cs linker triphenylene-
2,3,6,7,10,11-hexol hydrate, C5, and the C> linker ethanedihydrazide, C3,ina3+ 1+ 3
acetic acid-catalysed condensation in 1:1 1,4-dioxane:1,3,5-trimethylbenzene, via reflux
(section 3.1.2.1). The co-condensation of boronic acid with dialcohol end groups and of
aldehyde with hydrazide end groups, was expected to result in the formation of a 2D
boronate ester and hydrazone linked COF, exhibiting hexagonal symmetry (Figure 4.6,
Scheme 4.12). A grey coloured powder was obtained (MCS5_001), washed with oxolane
(MCS5_002) and subsequently dried under vacuum (MCS5_003).

HO OH
HO.___OH
O H,N—NH /o
+ + />—<
H O o} NH-NH, -
0

HO OH

C2 C5 C3 HN™
N0
-

H,N

Scheme 4.12. The expected boronate ester and hydrazone links formed between
monomers C2, C5 and C3.

The X-ray powder patterns obtained for the three samples show just one broad peak
and a high background, typical of amorphous materials (Figure 10.7). Since the

crystallinity characteristic of COFs is missing, no further analysis was carried out.
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4.8.4. MCS9

A second reaction incorporating the C9 pH-sensitive smart polymer as part of the
framework through a bottom-up approach, was carried out with the flexible Cs linker
N’,N’-bis(3-aminopropyl)propane-1,3-diamine, C4, in a 2 + 1 condensation via LAG
(section 3.1.2.2), using a series of catalytic solvents (Table 4.21). The condensation of
aldehyde and amine groups was expected to result in a 2D imine linked COF (Scheme
4.13).

Table 4.21. Catalytic solvents used in LAG synthesis of MCS9 samples.

Sample Code Catalytic solvent
MCS9_001 Water
MCS9_002 Ethanol
MCS9_003 Oxolane
MCS9_004 Benzene
MCS9 005 5:1 methanol:ethoxyethane
MCS9 006 1:1 dichloromethane:N,N-dimethylacetamide
MCS9_007 1:1 1,4-dioxane:1,3,5-trimethylbenzene
MCS9 008 1:1 oxolane:methanol
MCS9 009 1:1:0.05 1,4-dioxane:1,3,5-trimethylbenzene:acetic acid (3M)
MCS9 010 1:3:0.2 1,4-dioxane:1,3,5-trimethylbenzene:acetic acid (3M)
— H
NH2 \ N/ .
— H H {
\ N/ \\o + N —_— "
H—{ //J _\_\
o H,N NH,
N
C9 Cc4 //J _\—\
H,N NH,

Scheme 4.13. The expected imine links formed between monomers C9 and C4.
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None of these tan-brown coloured samples resulted in crystalline powders. Instead,
hard glass-like materials were formed, possibly due to the flexible liquid amine linker
which does not provide rigidity to the structure. Laboratory PXRD data collection is

currently underway at the time of writing.

4.8.5. MCS10

The only reaction incorporating 1,1’-ferrocenedicarboxaldehyde, C10, the electro-
sensitive smart polymer through a bottom-up approach, was first carried out via reflux
(section 3.1.2.1), in a 2 + 1 acetic acid-catalysed condensation with the flexible C3 linker
N’,N’-bis(3-aminopropyl)propane-1,3-diamine, C4, in ethanol. A very low yield of the
black solid was obtained (MCS10_001) and subsequently washed with oxolane and
ethoxyethane (MCS10_002). Thus, the reaction mixture was concentrated to 0.1 times of
the original volume, via rotary evaporation, after which, addition of ethoxyethane to
oversaturation, precipitated the product which was washed with ethoxyethane and dried
(MCS10_003). The same monomer combination was also carried out via LAG (section
3.1.2.2), using the same linker ratio as the reflux synthesis, and a series of catalytic
solvents (Table 4.22). The condensation of aldehyde and amine groups was expected to
result in a 2D imine linked COF (Scheme 4.14).

Table 4.22. Catalytic solvents used in LAG synthesis of MCS10 samples.

Sample Code Catalytic solvent

MCS10 004 Ethanol + acetic acid drops

MCS10_005 Water + acetic acid drops

MCS10_006 5:1 methanol:ethoxyethane + acetic acid drops
MCS10_007 1:1 1,4-dioxane:1,3,5-trimethylbenzene + acetic acid drops
MCS10 008 Oxolane + acetic acid drops

MCS10_009 1:1 dichloromethane:N,N-dimethylacetamide + acetic acid drops
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Scheme 4.14. The expected imine links formed between monomers C11 and C4.

Similar to MCS9, all the dark brown LAG samples formed a hard glass-like
material. The X-ray powder patterns obtained for the MCS10_003, MCS10_006 and
MCS10 009 samples show one broad reflection and a high background, typical of
amorphous materials (Figure 10.8). No further analysis was carried out for these samples.
Laboratory PXRD data collection for the remaining reflux and LAG samples, is currently

underway at the time of writing.

4.8.6. MCS11

The first reaction incorporating 4-[(4-aminophenyl)diazenyl]aniline, C11, the UV-
sensitive smart polymer through a bottom-up approach, was carried out via reflux (section
3.121), in a 1 + 1 condensation with the bifunctional Cs linker (3,5-
diformylphenyl)boronic acid, C2, in 1:1 1,4-dioxane:1,3,5-trimethylbenzene. A 2D imine
and boronate anhydride linked COF, exhibiting hexagonal symmetry, was expected to
form through the Schiff-base condensation of aldehyde and amine groups, and the self-
condensation of boronic acid groups (Figure 4.1, Scheme 4.15). A rust coloured powder
was obtained (MCS11_001), washed with oxolane (MCS11 _002) and subsequently dried
under vacuum (MCS11_003).

The X-ray powder patterns obtained for the three samples show next to no
reflections and a high background, representative of amorphous materials (Figure 10.9).

No further analysis was carried out.
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O\H

Cil1 C2

Scheme 4.15. The expected imine and boronate anhydride links formed between
monomers C11 and C2.

4.8.7. MCS12

The second reaction incorporating the C11 UV-sensitive smart polymer as part of
the framework, was carried out in a 3 + 3 + 1 acetic acid-catalysed condensation with the
bifunctional Cs linker (3,5-diformylphenyl)boronic acid, C2, and the Csz linker
triphenylene-2,3,6,7,10,11-hexol hydrate, C5, in 1:1 1,4-dioxane:1,3,5-trimethylbenzene,
via reflux (section 3.1.2.1). The co-condensation of aldehyde with imine end groups and
of boronic acid with dialcohol end groups, was expected to result in the formation of a
2D imine and boronate ester linked COF, exhibiting hexagonal symmetry (Figure 4.6,
Scheme 4.16). A black coloured powder was obtained (MCS12_001), washed with
oxolane (MCS12_002) and subsequently dried under vacuum (MCS12_003).

The X-ray powder patterns obtained for the three samples similarly show few broad
peaks and a high background, indicative of amorphous materials (Figure 10.10). No

further analysis was carried out.
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Scheme 4.16. The expected imine and boronate ester links formed between monomers
C11, C2 and C5.
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4.9. Concluding Overview

A total of twelve compounds showing novel diffraction patterns with three different
linkages, including the first ever reported potential COF with 1,3,2-dioxaborinane links,
were successfully synthesised from four of the fourteen reactions carried out, using two
different techniques and multiple solvent environments. A substantial amount of
computational work using crystal structure determination software, has led to the
characterisation of a new cage-based imine and ester linked extended network, the
hexaimine macrobicyclic cryptand, and a new Schiff-base structure exhibiting three
separate phases. A number of manuscripts with the above findings are currently being
prepared.

The first objective of this thesis was reached, with the characterised cage-based
MCS7_017 crystal structure providing an ideal network to be used as the core of the
nanocarrier system.

Laboratory PXRD data were collected for the first time for three of the starting
monomers, while data for three polymorphs of three other linkers were also collected.
These will also be prepared for publication, once crystal structure determination is
complete.
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5. API Loading

5.1. Design and Loading Parameter Testing

The synthesis, characterisation and crystal structure determination of MCS7_017,
identified this product as a cage-based crystalline extended network, with pore size
dimensions of 8.962, 8.753 and 4.271 A. This allowed the testing of its API loading
potential for its application as a drug delivery system.

5-fluoro-1H-pyrimidine-2,4-dione, C14, is a planar heterocyclic aromatic drug
molecule, commonly used to treat cancer. Its largest dimensions of 5.344 and 4.865 A,
are comparable in size to the framework pore dimensions, potentially favouring the
molecule’s easy diffusion deep into the core network. It has the ability to act as a hydrogen
bond donor via its N(—H) atoms and as a hydrogen bond acceptor using its O and F atoms.
The post-synthetic loading of C14 into the cages and onto the surface of the new structure,
was thus expected to mainly occur through the formation of strong intermolecular
hydrogen bond interactions. This physical adsorption attaches the APl molecules to the
cage walls and the surface edges of the framework, without chemical modification, such
that the desired therapeutic effect is immediate upon release.

The extent of drug loading can be affected by a number of methodology parameters,
including solvent, loading time and ratio of framework: APl concentration. Hence, several
small-scale loading tests were carried out, in order to fine tune the parameters for
maximum APl loading onto MCS7_017. Loading from an oversaturated
methylsulfinylmethane solution of C14, was initially designed, due to a high solubility of
the APl molecule in the solvent. However, the solubility of the framework in this polar
aprotic solvent, significantly limited its use. For this reason, the crystallites of the
structure were not used in the nanometre range, but as synthesised, in the millimetre
range. The framework was found to be soluble in most common laboratory polar organic
solvents, possibly due to its high content of nitrogen and oxygen atoms, but largely
insoluble in hexane and hexane with oxolane drops. Loading from C14 solutions in
hexane and hexane with oxolane drops was thus tested, for a loading time of 2, 6 and 8
hours. 0.005 and 0.125 g amounts of framework were used per 5 mL volume of the
oversaturated solutions. Control tests without C14, were carried out to investigate the

structural integrity of the crystal structure, under each parameter combination. Upon
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collection of the loaded and control framework from solution, laboratory PXRD data were
collected to confirm successful C14 loading into the crystal structure of MCS7_017 and

determine the best combination of methodology parameters.

5.2. Characterisation and Analysis

API loading was carried out on the product of a rough scale-up synthesis of
MCS7_017. Comparison of the laboratory PXRD data for the scale-up product,
MCS7_017SU, with the original powder pattern of MCS7_017, confirms the formation
of the same structure (Figure 10.11). The FTIR spectrum for the scale-up product was
also the same as the spectrum for the original structure, supporting PXRD analysis that
the same imine and ester linked structure was synthesised (Figure 10.12). Once this was
confirmed, the above-mentioned loading tests were then carried out.

Comparison of the powder patterns from the control MCS7_017 tests, using hexane
(Figure 10.13) and hexane with oxolane drops (Figure 10.14) as solvent, a stirring time
of 2, 6 and 8 hours, and 0.005 and 0.125 g amounts of the framework, with the pattern for
the original crystal structure, confirms the structural integrity of MCS7_017 under every
parameter combination. Patterns for samples from hexane with oxolane drops, were
however less crystalline, indicating that the oxolane drops affected the crystal structure.
Subsequent comparison of the loaded MCS7_017 samples with the control samples under
the same parameter combinations, revealed the presence of slight differences after
loading, indicating the inclusion of C14 molecules within the crystal structure. The most
change overall was observed for a loading time of 6 hours, with the larger ratio of
framework:API concentration masking any impurities arising during the loading process.

The optimal parameters for maximum drug loading were thus identified as hexane
solvent, a loading time of 6 hours and 0.125 g amounts of framework per 5 mL volume
of the oversaturated solution. FTIR spectroscopy further provides evidence of successful
drug loading, with the 1400-1200 cm™ bands corresponding to C—F stretching,
significantly more pronounced in the spectra for the loaded samples (Figure 10.15, Figure
10.16).

Actual API loading (MCS7_077) was thus carried out using a 0.800 g amount of

the original structure, from 32 mL of an oversaturated hexane solution of C14, for 6 hours.
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Figure 5.1 shows the material obtained after actual drug loading, upon reflection of plane
polarised light.

Figure 5.1. Photomicrograph of MCS7_077 from API loading.

Just like the powder patterns discussed above, for loading test samples, the pattern
for MCS7_077 is the same as that of the original crystal structure, but with slight
differences (Figure 5.2). New peaks are present at ~ 22.07°, 23.15°, 26.42° and 28.97°,
while original reflections at 24.01°, 26.38° and 29.76° are missing. Moreover, the
intensity of peaks at 17.70°, 18.65°, 19.51°, 21.67°, 23.46°, 24.63°, 27.10°, 28.19° and
31.51° is noticeably different. This demonstrates that the framework is structurally
flexible, adapting its unit cell parameters and hence its atomic coordinates respectively,
to accommodate the loaded API molecules into the structure, within the unit cell. This is
similarly supported by FTIR C—F stretching bands at 1400-1200 cm, for MCS7_077
(Figure 5.3).

A value for the loading capacity could not be calculated from the UV-Vis spectra
of the supernatant solution before and after loading, since loading was carried out from
an oversaturated solution of the API. A quantifiable investigation using STA, will be
carried out to determine the loading capacity of the MCS7_017 structure. A BET pore
surface analyser will be used to obtain nitrogen gas adsorption isotherms for the original
and loaded structures, to assess the reduction in surface area and available unoccupied
volume of the cages of the framework. X-ray microscopy (XRM) on the original and
loaded fragments, will also be carried out to investigate differences between the surfaces

of the two samples.

155



API Loading

I Ill l —MCS7_077

‘ I | H —MCS7_017
w;n. Ao . A
20

30 40 50 60
20/°

Intensity / a.u.

0 10

Figure 5.2. Laboratory PXRD patterns for the original MCS7_017 structure (blue) and
the drug loaded MCS7_077 (red), obtained from a 4 + 2 + 9 condensation of C6, C7
and C8, via LAG in a catalytic amount of 1:1 1,4-dioxane:1,3,5-trimethylbenzene, and
upon loading of C14 onto MCS7_017 from an oversaturated hexane solution via stirring
for 6 hours, respectively, at 293 K.
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Figure 5.3. FTIR spectra for the original MCS7_017 structure (blue), obtained from a
4 + 2 + 9 condensation of C6, C7 and C8, via LAG in a catalytic amount of 1:1 1,4-
dioxane:1,3,5-trimethylbenzene, the pure API1 C14 (red), and the drug loaded

MCS7_077 (black), obtained upon loading of the API onto MCS7_017 from an
oversaturated hexane solution via stirring for 6 hours.
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5.3.  Concluding Overview

Loading of C14 into the new cage-based MCS7_017 crystal structure, was
successfully achieved, after loading parameter optimisation. The API loading carried out
on this structure, demonstrates the application of COFs as nanocarriers in drug delivery
systems, for use in the field of therapeutics. These findings are currently being prepared
as part of a manuscript.

The second objective of this thesis was reached, with the COF-API conjugate,
MCS7_077, providing a suitable model to transform the passive targeting conjugate into

the smart stimuli-responsive system.
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6. Conjugation of Smart Stimuli-Responsive Polymers

6.1. Design and Conjugation

The synthesis of the COF-API conjugate, MCS7_077, allowed the testing of its
smart polymer conjugation potential for its application as a controlled-release drug
delivery system.

Pyridine-2,6-dicarbaldehyde, C9, is a small planar heterocyclic aromatic molecule
(Table 6.1). It has two O atoms and one N atom through which it can accept hydrogen
bonds. Similarly, the larger organometallic sandwich molecule, 1,1’-
ferrocenedicarboxaldehyde, C10, has two O atoms which are able to act as hydrogen bond
acceptors (Table 6.1). The planar aromatic molecule, 4-[(4-aminophenyl)diazenyl]
aniline, C11, has the ability to act as a hydrogen bond donor via its N(—H) atoms and as
a hydrogen bond acceptor using its azo N atoms (Table 6.1). These three smart molecules

can additionally form 7t-7 interactions, due to their aromaticity.
Table 6.1. Molecular structures of the smart stimuli-responsive molecules.
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The post-synthetic conjugation of pH sensitive C9, electro sensitive C10, and UV
sensitive C11, onto the surface of the new conjugate, to form the corona of the nanocarrier
system, was thus expected to occur through the formation of intermolecular n-n and
hydrogen bond interactions. This physical adsorption attaches the smart molecules to the
surface edges of the COF-API conjugate, without affecting their ability to accurately
detect and respond to stimuli. The corona is expected to block the cages and channel-
doors of the structure, in such a way as to effectively trap the loaded APl molecules inside
the core of the COF-API-Polymer complex, until it is activated by a specific stimulus,
triggering drug release.

The extent of smart molecule conjugation can be affected by the same parameters
discussed in section 5.1. The optimal parameters identified for maximum drug loading,
were thus employed for smart molecule conjugation (hexane solvent, a loading time of 6
hours and 0.125 g amounts of conjugate per 5 mL volume of oversaturated solution of C9
(MCS7_080), C10 (MCS7_082), and C11 (MCS7_085)), since adsorption of the
molecules is expected to take place via a similar mechanism. A control test without any
of the smart molecules, was also carried out to investigate the structural integrity of the
conjugate, under conjugation conditions. Upon collection of the conjugated and control
conjugate from solution, laboratory PXRD data were collected according to the
specifications listed in section 3.4.1, to confirm successful smart molecule conjugation

onto the surface of conjugate particles.

6.2. Characterisation and Analysis

Figure 6.1 shows the material obtained after smart molecule conjugation, upon
reflection of plane polarised light. Upon visual comparison of the resulting cream, pink
and orange coloured samples respectively, with the white coloured original MCS7_017
and drug loaded MCS7_077 samples (Figure 6.2), it is evident that conjugation of the

brown, dark red and orange coloured smart molecules, was successful.
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Figure 6.1. Photomicrographs of MCS7_080 (left), MCS7_082 (centre) and MCS7_085
(right) from conjugation of pH, electro, and UV responsive smart molecules
respectively.

Figure 6.2. Change in colouration from the white coloured original MCS7_017 and
drug loaded MCS7_077, and the cream coloured MCS7_080, pink coloured MCS7_082
and orange coloured MCS7_085, from conjugation of pH, electro, and UV responsive
smart molecules respectively (left to right).

Comparison of the X-ray powder pattern for the control with the pattern for the drug
loaded MCS7_077 structure, confirms that the COF-API conjugate is structurally
integrous under conjugation conditions. This indicates that during conjugation, the
previously-loaded drug molecules were not released. Patterns for MCS7_080 (Figure
6.3), MCS7_082 (Figure 6.4) and MCS7_085 (Figure 6.5), are the same as that of the
conjugate, but with slight differences after conjugation. The powder pattern for
MCS7_080 shows different peak intensities at 17.70°, 23.15°, 25.42° and 28.19°, and is
missing reflections at 22.08° and 28.95°. These differences can be attributed to different
unit cell parameters and atomic coordinates, indicating C9 molecule inclusion within the
crystal structure. However, these observed changes counter some of the differences
recorded for drug loading at the same 2 6 angles, which might indicate potential partial
API molecule release from MCS7_080 aided by the presence of the smart molecule, and

a reversible breathing effect of the framework.
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Figure 6.3. Laboratory PXRD patterns for the APl loaded MCS7_077 structure (blue),
the control (red) and the pH responsive smart molecule conjugated MCS7_080 (black),
obtained via stirring of MCS7_017 in oversaturated hexane solution of C14, MCS7_077
in hexane solvent, and MCS7_077 in oversaturated hexane solution of C9, respectively,
using a conjugation time of 6 hours, and 0.125 g amounts of the drug loaded structure,
at 293 K.

The pattern for MCS7_082 shows new peaks at 22.23°, 23.42°, 23.56°, 32.38°,
32.80° and 33.33°, and different peak intensities at 17.71°, 21.68°, 28.19°, 29.98° and
42.50°. Reflections at 13.99°, 22.09°, 23.16° and 28.95° are missing. The presence of
new peaks demonstrates that the unit cell parameters are modified for the second time,
suggesting the inclusion of C10 molecules within the crystal structure. Similar to
MCS7_080, some of the differences counter those observed for MCS7_077, which might
indicate the potential partial release of loaded drug molecules or the rearrangement of

loaded molecules within the unit cell.
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Figure 6.4. Laboratory PXRD patterns for the API loaded MCS7_077 structure
(bottom), the control (middle) and the electro responsive smart molecule conjugated
MCS7_082 (top), obtained via stirring of MCS7_017 in oversaturated hexane solution
of C14, MCS7_077 in hexane solvent, and MCS7_077 in oversaturated hexane solution
of C10, respectively, using a conjugation time of 6 hours, and 0.125 g amounts of the
drug loaded structure, at 293 K. [202]

The pattern for MCS7_085 shows a new peak at 20.03° and different reflection
intensities at 22.06°, 23.16° and 28.98°. This once again demonstrates an adjustment of
the unit cell parameters and atomic coordinates, which could be attributed to the potential
inclusion of C11 molecules and partial release or rearrangement of API molecules within
the unit cell.

The small size of the smart molecules, comparable to the cage dimensions of the
original structure, could have potentially led to their diffusion into the pores of the
framework, in addition to their successful conjugation onto the surface as part of the

corona.
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Figure 6.5. Laboratory PXRD patterns for the APl loaded MCS7_077 structure (blue),
the control (red) and the UV responsive smart molecule conjugated MCS7_085 (black),
obtained via stirring of MCS7_017 in oversaturated hexane solution of C14, MCS7_077

in hexane solvent, and MCS7_077 in oversaturated hexane solution of C11,
respectively, using a conjugation time of 6 hours, and 0.125 g amounts of the drug
loaded structure, at 293 K.

The FTIR spectra for MCS7_080 (Figure 6.6) and MCS7_082 (Figure 6.7), were
identical to the spectrum for MCS7_077. The characteristic C=0 stretching band of the
aldehyde end groups of C9 and C10 (1720-1680 cm™), coincides with the same stretching
band (1720-1700 cm™) of the aromatic ester link of the framework. Furthermore, the
M-C stretching band for C10 at 475 cm™, falls outside the recorded wavenumber range.
Similarly, the spectrum for MCS7_085 (Figure 6.8) was also identical to that of the
conjugate, and could not provide evidence of successful smart molecule conjugation. The
characteristic azo N=N stretching band of C11 (1384 cm™), is found at the same
wavenumber range as the C—F stretching band from the conjugate. Therefore, FTIR

spectroscopy could not be used to support PXRD analysis.
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Figure 6.6. FTIR spectra for the APl loaded MCS7_077 structure (blue), obtained via
stirring of MCS7_017 in oversaturated hexane solution of C14 for 6 hours, C9 (red),
and the pH responsive smart molecule conjugated MCS7_080 (black), obtained via
stirring of MCS7_077 in oversaturated hexane solution of C9 for 6 hours.
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Figure 6.7. FTIR spectra for the APl loaded MCS7_077 structure (blue), obtained via
stirring of MCS7_017 in oversaturated hexane solution of C14 for 6 hours, C10 (red),

and the electro responsive smart molecule conjugated MCS7_082 (black), obtained via
stirring of MCS7_077 in oversaturated hexane solution of C10 for 6 hours.
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Figure 6.8. FTIR spectra for the APl loaded MCS7_077 structure (blue), obtained via
stirring of MCS7_017 in oversaturated hexane solution of C14 for 6 hours, C11 (red),
and the UV responsive smart molecule conjugated MCS7_085 (black), obtained via
stirring of MCS7_077 in oversaturated hexane solution of C11 for 6 hours.

Investigations using STA and BET pore surface analyser will be carried out to
determine the extent of smart molecule conjugation and possible partial unloading of the
API molecules, to confirm whether the smart molecules diffused into the structure, and
to check if the surface conjugated smart molecules effectively block the cages and
channel-doors of the framework.

XRM data will be collected for these three COF-API-Polymer complexes and
compared with data for the COF-API conjugate and for the original structure. All five
samples will eventually be sent to our collaborators abroad, in Limerick, Ireland, for
scanning electron microscopy (SEM), to further compare the differences between the
surface and core of the samples, and to investigate whether the smart molecules are

surface conjugated or pore loaded.
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6.3. Concluding Overview

Post-synthetic conjugation of pH sensitive C9, electro sensitive C10, and UV
sensitive C11, onto the surface of the COF-API carrier, was carried out. The final COF-
API-Polymer complexes, MCS7_080, MCS7_082 and MCS7_085, feature the complete
designed construct, as smart stimuli-responsive drug delivery systems, thus fulfilling the
third objective of this thesis. This smart molecule conjugation, demonstrates that COFs
can be employed to synthesise intelligent drug-nanocarrier systems, which go beyond the
passive targeting nanocarrier applications reported in literature thus far. These findings

are also currently being prepared as part of a manuscript for publication.
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7. Drug Release Profile

7.1.  Design

The sensitivity and responsiveness of the final COF-API-Polymer complexes,
MCS7_080, MCS7_082 and MCS7_085, to the respective target stimulus, determines
their potential application as drug delivery systems with controlled-release technology
(CRT).

As discussed in section 3.5, the release pattern of the loaded drug is dependent on
several factors. The acid-labile imine links in the core of the carrier, themselves impart a
certain degree of pH responsiveness, accelerating drug release, due to framework
degradation. Additionally, at neutral or acidic pH, the loaded APl molecules are
positively charged, by ionisation at the O atoms. Similarly, the N atoms in the framework
may become protonated in acidic pH. Upon ionisation, the intermolecular hydrogen bond
interactions between the cage walls and the drug molecules were expected to become
weaker, resulting in an easier diffusion of drug molecules through the matrix and a
quicker release profile in acidic pH.

Upon protonation of C9 in acidic pH 4.9 and oxidation of C10 by iron (111) sulfate,
the smart molecules (Table 6.1) were expected to become hydrophilic, undergoing
structural rearrangement and resulting in an increased solubility of the whole complex in
simulated physiological conditions. Conversely, the trans to cis isomerisation of C11 by
UV irradiation, was expected to result in the conformational rearrangement of the surface
conjugated smart molecules, without increasing the solubility of the complex. These
changes would trigger an even faster escape of the loaded API molecules, such that drug
release was expected to occur at an increased rate upon application of the target stimulus
to each of the complexes. The smart final complexes were thus expected to exhibit better
control on the release of guest molecules, than the COF-API conjugate, due to their
potentially more accurate detection of acidic pH, oxidising conditions and UV irradiation.

The drug release properties of the three final complexes were tested under control
conditions and under application of the target acidic pH, oxidising conditions and UV
irradiation stimulus, for each of the samples respectively. The release profile of the COF-

API conjugate was also tested under control conditions, for comparability purposes. The

167



Drug Release Profile

potential degradation of the core under simulated physiological conditions, was assessed

through another ‘release’ study on the pure crystal structure.

7.2. Release Profile for the COF-API Conjugate

Figure 7.1 shows a typical set of UV-Vis spectra obtained from the release studies
(Figure 10.18 — Figure 10.23). The UV-Vis results for the drug loaded framework
revealed that A, at 223 and 271 nm, did not match the absorbance maximum at
266 nm, for C14. [203] The release study on the pure crystal structure also presented the
same maxima (Figure 10.17), indicating that instead of monitoring the release of the
loaded drug molecules, framework dissolution or degradation was being recorded. After
measuring a series of concentrations for the starting monomers, it was determined that
the absorbance maxima from the release studies, were identical to those of C8 (Figure
10.24), the carboxylic acid linker. The structural instability of the cage-based imine linked
framework in simulated physiological conditions, was thus confirmed. This degradation
can be advantageous with respect to its application as a drug carrier. It limits the carrier’s
impact on the body, where it would have been broken down and eliminated, as well as
the impact on the environment, where many materials and nanoparticles can persist for a
long time and lead to immunologic reactions and eco-toxicological risks, through
bioaccumulation across food chains.

Due to framework degradation, UV-Vis spectroscopy could not be used to directly
measure the concentration of drug released. Nonetheless, since drug molecules are
released upon framework degradation, the UV-Vis results can still provide a valid
assessment of the carriers’ sensitivity and response to stimuli, assuming that both
processes follow the same profile. The calibration curve for C8 (Figure 10.25) was used
in conjunction with the Beer-Lambert law (A = &cl) (section A3.1), to calculate release
profiles under control and stimuli conditions, based on UV-Vis absorbance values.

Comparison of the release profile for the pure crystal structure with the profile for
the COF-API conjugate (Figure 7.2), revealed a faster initial release for the drug loaded
carrier, indicating that the loaded AP1 molecules could have sped up the rate of framework
degradation. At 12 hours, a 22.8 % increase in release is observed for the COF-API

conjugate. However, both started to level off at 4 hours.
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Figure 7.1. UV-Vis spectra for the release study on MCS7_077, obtained upon loading
of C14 onto MCS7_017, in PBS pH 7.4, at time 0, 20 min, 40 min, 1, 2, 4, 6, 8, 12 and

24 hours.
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Figure 7.2. Release profiles for MCS7_017 (blue), obtained froma4 +2+9
condensation of C6, C7 and C8, via LAG in a catalytic amount of 1:1 1,4-
dioxane:1,3,5-trimethylbenzene, and MCS7_077 (red), obtained upon loading of C14
onto MCS7_017, in PBS pH 7.4.
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7.3.  pH Responsive Release

Comparison of the release profiles for the pH sensitive complex under acidic pH
4.9 and control pH 7.4, with the profile for the COF-API conjugate at pH 7.4, indicated
that release was 44.3 % lower for the C9 conjugated complex at pH 7.4, while at pH 4.9
release was comparable to that for the COF-API carrier (Figure 7.3). This demonstrates
that the surface conjugated smart molecule has a significant effect on the release profile.
The final complex is expected to be larger in size than its precursor, due to its smart
molecule corona. The surface conjugated smart molecules could be blocking the cages
and channel-doors of the structure, and covering the core itself, in such a way as to
effectively trap the loaded API molecules inside a protected core. This makes the complex

less prone to attack by solvent, resulting in a slower release.

0.25
0.2
— ——MCS7_077
Ty
£
- 0.15 —e—MCS7_080
E pH 4.9
*§ .
= ——MCS7_080
8 Control
2 o1
o
(@)
0.05
§
0 . T . T . T . T . \
0 5 10 15 20 25
Time /h

Figure 7.3. Release profiles for MCS7_080, obtained upon loading of C9 onto
MCS7_077, in PBS pH 7.4 (Control — blue) and pH 4.9 (red), compared with the release
profile for MCS7_077 (black), obtained upon loading of C14 onto MCS7_017, in PBS
pH 7.4.

At pH 7.4, the pH sensitive molecule remains unprotonated and thus inactivated.

However, at the target stimulus, pH 4.9, the smart molecule is activated by protonation,
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to become positively charged. This increases the solubility of the whole complex and
generates electrostatic repulsion between the surface conjugated molecules, making the
carrier more susceptible to release. At 12 hours, a 42.2 % higher release is observed at
pH 4.9 than at pH 7.4. Release starts to level off after just 2 hours, two hours earlier than
for the COF-API conjugate.

7.4. Electro Responsive Release

A similar pattern for the release profiles of the electro sensitive complex under
oxidising and control conditions, was obtained (Figure 7.4). Release for the inactivated
smart complex was 18.4 % lower than for the COF-API conjugate, confirming once again
the physical effect of the surface conjugated smart molecule on the release profile, as

discussed in section 7.3.
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Figure 7.4. Release profiles for MCS7_082, obtained upon loading of C10 onto
MCS7_077, in PBS pH 7.4, without addition of Fe** (Control — blue) and with addition
of Fe3* (red), compared with the release profile for MCS7_077 (black), obtained upon

loading of C14 onto MCS7_017, in PBS pH 7.4.
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Chemical oxidation of C10 by 1.5-fold molar excess of iron (111) sulfate, is a rapid
process, with 90 % oxidation to ferrocenium cations taking place in less than 20 minutes.
[204] This was reflected in a faster initial release upon the addition of Fe®*and a 13.2 %
higher release at 12 hours, over the control. The positively charged corona increases the
solubility of the whole complex in PBS, while potentially weakening the physical
adsorption of the smart molecules to the surface, exposing the core to the surrounding
environment and triggering release. Levelling off takes two hours longer for this complex,
than for the COF-API conjugate.

7.5. UV Responsive Release

Unlike the other studies, the beaker for these two release experiments could not be
covered by parafilm or glass to limit evaporation of the 100 mL external PBS, as both
materials were found to block UV irradiation. Only release values up to 8 hours were
considered for the release profile, as during the experiments, PBS evaporation became
much more apparent after this point and created erroneous values for the calculated
concentrations for time 12 and 24 hours.

Additionally, a different release pattern was observed for the UV sensitive complex,
when comparing the release profiles under UV irradiation and control conditions, with
the profile for the COF-API carrier (Figure 7.5). Only a 0.9 % decrease in release was
recorded for the trans conformation C11 conjugated complex, over the COF-API
conjugate. This indicates that this smart molecule did not effectively protect the drug
loaded core of the complex from the surrounding environment, resulting in a minimal
effect on the release profile.

Upon UV irradiation at 365 nm, the target stimulus, the smart molecule is activated
via trans to cis isomerisation. An 89 % structural change to the cis isomer takes places
within 3 hours. [185] This was recorded as a continued release up to 4 hours, which had
already levelled off under control conditions. A 20.9 % increase in release over the
control, is observed at 8 hours. The conformational rearrangement of the C11 corona
could potentially unblock the cages of the framework and expose the loaded core, making

it more susceptible to release.
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Figure 7.5. Release profiles for MCS7_085, obtained upon loading of C11 onto
MCS7_077, in PBS pH 7.4, without UV irradiation (Control — blue) and under UV
irradiation (black), compared with the release profile for MCS7_077 (red), obtained

upon loading of C14 onto MCS7_017, in PBS pH 7.4.

7.6. Concluding Overview

The conjugation of smart stimuli-responsive molecules effectively controlled the
drug release and framework degradation of the final complexes, through an improved
stability at control conditions and faster and higher release upon application of the target
stimulus. The extent of control depends on the identity of the conjugated smart molecule
and corresponding stimulus. The pH sensitive smart complex exhibited double the control
on the amount released than the electro and UV sensitive complexes, while the electro
responsive complex demonstrated a sustained release for longer than the pH and UV
sensitive complexes.

One major error which was overlooked during the design of this experimental
procedure, was the size of the fragments chosen for release studies. Larger fragments

protect the inside bulk for longer, inadvertently affecting the release profile. A maximum
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of three fragments, weighing up to 0.005 g in total were used. Nonetheless, the difference
in fragment size is unaccounted for.

The application of COF-API-Polymer complexes as drug delivery systems with
CRT was demonstrated, with a sustained and/or enhanced release response at the target
stimulus. This will add to the contribution to knowledge in a largely unexplored area of
COF controlled release systems. An investigation into the rate of release/degradation will
be carried out on the dried powder collected from the evaporated aliquots using PXRD
and STA. The possibility to collect real time powder diffraction data after adequate
adaptation of the experimental conditions will also be explored, to monitor the structural
changes taking place upon application of different stimuli. Furthermore, measurement of
the zeta potential, specifically before and after activation of the smart pH and electro

sensitive coronas, could provide the magnitude of surface charge density.
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8. Conclusion and Further Work

The designed COF synthetic reactions, MCS6, MCS7, MCS8, MCS14, yielded
twelve crystalline materials with distinctive diffraction patterns, and corresponding FTIR
spectroscopy and hot stage microscopy results supporting the formation of new covalent
links. The modification of unit cell parameters and atomic coordinates of the fully
characterised cage-based imine and ester linked framework, MCS7_017, confirms the
loading of the API, 5-fluoro-1H-pyrimidine-2,4-dione, C14, and the conjugation of the
smart pH, electro and UV sensitive molecules, pyridine-2,6-dicarbaldehyde, C9, 1,1°-
ferrocenedicarboxaldehyde, C10, and 4-[(4-aminophenyl)diazenyl]aniline, C11,
respectively, into the pores and onto the surface of the new COF structure. Sustained
and/or enhanced drug release in vitro of the final COF-API-Polymer complexes,
MCS7_080, MCS7_082 and MCS7_085, at the target stimulus, demonstrates the
application of COFs as stimuli-responsive nanocarriers in drug delivery systems.

This research work has a number of strengths and limitations. The chemical
instability of the cage-based crystalline extended network in polar solvents prevented the
loading and conjugation of C14, and C9, C10 and C11 respectively, from solvents in
which the molecules are highly soluble. The API loading capacity of the framework and
the extent of smart molecule conjugation on the COF-API conjugate could not be
calculated from the UV-Vis spectra of the supernatant solution before and after loading
or conjugation respectively, due to the low solubility of the molecules in hexane and the
subsequent use of their oversaturated solutions. Nonetheless, this ensured the highest API
loading and smart molecule conjugation possible, under the identified optimal
parameters, owing to the large framework:API and conjugate:smart molecule ratios. One
notable variable which could not be controlled during the smart polymer conjugation
phase of this project, was the potential partial API molecule release from, or displacement
by the stimuli-responsive molecules in, the COF-API conjugate.

Framework degradation also significantly restricted the effectiveness of the drug
release studies in simulated physiological conditions, speeding up the release of the API,
disrupting longer sustained release, and impeding the direct monitoring of the
concentration of drug released via UV-Vis spectroscopy. Despite this, a valid quantitative
assessment of the final complexes’ sensitivity and response to stimuli was still determined

from the UV-Vis results, assuming that the release of drug molecules followed the same
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profile alongside the framework degradation process. This degradation can be considered
beneficial with respect to the application of COFs as nanocarriers in drug delivery
systems, as it spares the body from needing to break down the carrier for elimination, in
effect limiting the impact on the body as well as the environment and reducing the
incidence of immunologic reactions and eco-toxicological risks. Furthermore, the acid-
catalysed hydrolysis of imine links in the framework back to the starting monomers,
provided an intrinsic degree of pH responsiveness to the COF-API conjugate, even in the
absence of conjugated smart polymers.

A major limitation which was not addressed during the investigation of the drug
release profile, was the size of the chosen fragments. The number of individual fragments
and their total weight were fixed at 3 fragments and 0.005 g respectively. However, since
the inside bulk of larger fragments is better protected from the surrounding environment,
and this difference in fragment size was unaccounted for, the release profile was
inadvertently affected.

The quality of the presented laboratory PXRD data, reflected the challenging
crystallisation of frameworks. The new compounds, the COF-API conjugate and the
COF-API-Polymer complexes were not characterised using STA and BET pore surface
analyser techniques, as instrumentation was installed rather late and the thesis had to be
wrapped up and submitted. This led to a limited understanding on the behaviour of the
new structures upon heating, and on the extent of solvent and condensation ratio effects.

Additional techniques and the advanced instrumentation at the new solid-state
laboratory set up at the Malta Life Sciences Park, including variable temperature PXRD,
STA, Raman, BET pore analyser, XRM and SEM, will be used in due time, to fully
characterise the new compounds, the COF-API conjugate and its loading capacity, and
the COF-API-Polymer complexes and their extent and manner of smart molecule
conjugation. Structure solution on the patterns obtained for the COF-API conjugate and
the COF-API-Polymer complexes could determine the number of APl molecules and
smart molecules incorporated within the unit cell, their orientation, and the hydrogen
bond and =-r intermolecular interactions physically adsorbing API molecules to each
other and to the cage walls, and smart molecules to the pore walls and surface edges. Ab
initio simulations could further explore the intermolecular interactions involved between
loaded/conjugated molecules and the framework, in the synthesised drug loaded structure
and final complexes, determining the role that hydrogen bonding and non-covalent

interactions play in the assembly and degradation of the smart nanocarrier systems.
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Density Functional Theory (DFT) calculations could be used to predict the crystal
structures of the new materials and help validate crystal structure solution from
experimental data. Docking programs could also be used to predict and simulate
interactions between the final complexes and the body.

Only the characterised cage-based structure, was loaded with the API and
conjugated with smart molecules. Nonetheless, by proof of concept, this principle can be
applied to the other eleven compounds, following their characterisation as porous
frameworks through crystal structure determination, and similarly extended to all COF
materials. In the same manner, the incorporation of other API molecules of varying
molecular size, and of larger smart molecules and polymers responsive to a wider range
of stimuli, can be attained.

The aim of the thesis was achieved through the construction of the final complexes
and their controlled drug release in simulated physiological conditions. Fine tuning of
these final complexes and the synthetic steps to construct them, based on the
characterisation results and the obtained knowledge on their interactions, responsiveness
and behaviour, could explore the tailor-made synthesis of smart COF nanocarriers with
CRT, optimised for specific applications in the field of therapeutics. Investigations in vivo
on the biocompatibility of the pure COF and the toxicity of the final complexes on
different cell lines, would supplement the significant contribution to the limited number
of smart COF nanocarrier drug delivery systems. Further conjugation of the final
complexes with hydrophilic polymers, such as B-cyclodextrin and PEG, could also be
investigated to potentially enhance the loading of hydrophobic drug molecules into the

framework and improve the performance of the nanocarrier systems.
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Figure 10.1. Laboratory PXRD patterns for MCS7_003 (blue), MCS7_004 (red) and
MCS7_007 (black), obtained from a 2 + 1 + 3 condensation of the monomers via LAG
in a catalytic amount of oxolane, benzene, and 1:1 1,4-dioxane:1,3,5-trimethylbenzene,

respectively, and for the C6 (green), C7 (yellow) and C8 (grey) monomers at 293 K,
and the simulated patterns of the C7 (JULZAR - turquoise and JULZARO1 — salmon)

and C8 (KIDVOJ - spring green) monomers from the CSD.
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Figure 10.2. Laboratory PXRD patterns for MCS7_005 (blue), MCS7_008 (red),
obtained from a 2 + 1 + 3 condensation of the monomers via LAG in a catalytic amount
of 5:1 methanol:ethoxyethane, and 1:1 oxolane:methanol, respectively, MCS7_012
(black), MCS7_013 (green), MCS7_015 (yellow) and MCS7_018 (turquoise), obtained
from a4 + 2 + 9 condensation of the monomers via LAG in a catalytic amount of
ethanol, oxolane, 5:1 methanol:ethoxyethane, and 1:1 oxolane:methanol, respectively,
and for the C6 (salmon), C7 (grey) and C8 (violet) monomers at 293 K, and the
simulated patterns of the C7 (JULZAR — spring green and JULZARO1 — orange) and
C8 (KIDVOJ — pink) monomers from the CSD.
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Figure 10.3. Laboratory PXRD patterns for MCS8 007 (blue), obtained from a
2 + 1 + 3 condensation of the monomers via LAG in a catalytic amount of 1:1 1,4-
dioxane:1,3,5-trimethylbenzene, MCS8 012 (red), MCS8 018 (black) and MCS8 019
(green), obtained from a 4 + 2 + 9 condensation of the monomers via LAG in a catalytic
amount of ethanol, 1:1 oxolane:methanol, and 1:1:0.05 1,4-dioxane:1,3,5-
trimethylbenzene:acetic acid (3M), respectively, and for the C6 (yellow), C9 (turquoise)
and C8 (salmon) monomers at 293 K, and the simulated pattern of the C8 (KIDVOJ —
grey) monomer from the CSD.
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Figure 10.4. Laboratory PXRD patterns for MCS8 013 (blue), MCS8 014 (red),
MCS8_015 (black) and MCS8 017 (green), obtained from a 4 + 2 + 9 condensation of
the monomers via LAG in a catalytic amount of oxolane, benzene, 5:1
methanol:ethoxyethane, and 1:1 1,4-dioxane:1,3,5-trimethylbenzene, respectively, and
for the C6 (yellow), C9 (turquoise) and C8 (salmon) monomers at 293 K, and the
simulated pattern of the C8 (KIDVOJ — grey) monomer from the CSD.
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Figure 10.5. Laboratory PXRD patterns for MCS2_001 (blue), MCS2_002 (red) and
MCS2_003 (black), obtained from an acetic acid-catalysed 1 + 1 condensation of the
monomers via reflux in 1:1 1,4-dioxane:1,3,5-trimethylbenzene, upon washing with
oxolane, and subsequent drying under vacuum, respectively, and for the C2 (green) and
C3 (yellow) monomers at 293 K.
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Figure 10.6. Laboratory PXRD patterns for MCS3_001 (blue), MCS3_002 (red) and
MCS3_003 (black), obtained from a 3 + 2 condensation of C2 and C4 via reflux in 1:1
1,4-dioxane:1,3,5-trimethylbenzene, upon washing with oxolane, and subsequent drying
under vacuum, respectively, at 293 K.
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Figure 10.7. Laboratory PXRD patterns for MCS5_001 (blue), MCS5_002 (red) and
MCS5_003 (black), obtained from an acetic acid-catalysed 3 + 1 + 3 condensation of
C2, C5 and C3viareflux in 1:1 1,4-dioxane:1,3,5-trimethylbenzene, upon washing
with oxolane, and subsequent drying under vacuum, respectively, at 293 K.
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Figure 10.8. Laboratory PXRD patterns for MCS10_003 (blue), obtained from an
acetic acid-catalysed 2 + 1 condensation of C10 and C4 via reflux in ethanol and upon
washing with ethoxyethane, MCS10_006 (red) and MCS10_009 (black), obtained from

an acetic acid-catalysed 2 + 1 condensation of the monomers via LAG in a catalytic
amount of 5:1 methanol:ethoxyethane, and 1:1 dichloromethane:N,N-
dimethylacetamide, respectively, at 293 K.
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Figure 10.9. Laboratory PXRD patterns for MCS11 001 (blue), MCS11 002 (red) and
MCS11 003 (black), obtained from a 1 + 1 condensation of C11 and C2 via reflux in
1:1 1,4-dioxane:1,3,5-trimethylbenzene, upon washing with oxolane, and subsequent

drying under vacuum, respectively, at 293 K.
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Figure 10.10. Laboratory PXRD patterns for MCS12_001 (blue), MCS12_002 (red)
and MCS12_003 (black), obtained from an acetic acid-catalysed 3 + 3 + 1 condensation
of C11, C2 and C5 viareflux in 1:1 1,4-dioxane:1,3,5-trimethylbenzene, upon washing

with oxolane, and subsequent drying under vacuum, respectively, at 293 K.
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A2. API Loading
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Figure 10.11. Laboratory PXRD patterns for MCS7_017 (blue) and MCS7_017SU
(red), obtained from a 4 + 2 + 9 condensation of C6, C7 and C8, via LAG in a catalytic
amount of 1:1 1,4-dioxane:1,3,5-trimethylbenzene, and scaled-up five times, at 293 K.
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Figure 10.12. FTIR spectra for MCS7_017 (blue) and MCS7_017SU (red), obtained
from a 4 + 2 + 9 condensation of C6, C7 and C8, via LAG in a catalytic amount of 1:1
1,4-dioxane:1,3,5-trimethylbenzene, and scaled-up five times.
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Figure 10.13. Laboratory PXRD patterns for original (blue), obtained froma4 +2 +9
condensation of C6, C7 and C8, via LAG in a catalytic amount of 1:1 1,4-
dioxane:1,3,5-trimethylbenzene, and C14 loaded and control MCS7_017, using hexane
as solvent, a loading time of 2, 6 and 8 hours, and 0.005 and 0.125 g amounts of the
framework, at 293 K.
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Figure 10.14. Laboratory PXRD patterns for original (blue), obtained froma4 +2 +9
condensation of C6, C7 and C8, via LAG in a catalytic amount of 1:1 1,4-
dioxane:1,3,5-trimethylbenzene, and C14 loaded and control MCS7_017, using hexane
with oxolane drops as solvent, a loading time of 2, 6 and 8 hours, and 0.005 and 0.125 g
amounts of the framework, at 293 K.
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Figure 10.15. FTIR spectra for original (blue), obtained from a 4 + 2 + 9 condensation
of C6, C7 and C8, via LAG in a catalytic amount of 1:1 1,4-dioxane:1,3,5-
trimethylbenzene, and C14 loaded MCS7_017, using hexane as solvent, a loading time
of 2, 6 and 8 hours, and 0.005 and 0.125 g amounts of the framework, and for the API

C14 (red).
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Figure 10.16. FTIR spectra for original (blue), obtained from a 4 + 2 + 9 condensation
of C6, C7 and C8, via LAG in a catalytic amount of 1:1 1,4-dioxane:1,3,5-
trimethylbenzene, and C14 loaded MCS7_017, using hexane with oxolane drops as
solvent, a loading time of 2, 6 and 8 hours, and 0.005 and 0.125 g amounts of the
framework, and for the AP1 C14 (red).
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A3. Drug Release Profile
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Figure 10.17. UV-Vis spectra for the release study on MCS7_017, obtained from a 4 +
2 + 9 condensation of C6, C7 and C8, via LAG in a catalytic amount of 1:1 1,4-
dioxane:1,3,5-trimethylbenzene, in PBS pH 7.4, at time 0, 20 min, 40 min, 1, 2, 4, 6, 8,
12 and 24 hours.
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Figure 10.18. UV-Vis spectra for the release study on MCS7_080, obtained upon

loading of C9 onto MCS7_077, in PBS pH 4.9, at time 0, 20 min, 40 min, 1, 2, 4, 6, 8,
12 and 24 hours.
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Figure 10.19. UV-Vis spectra for the release study on MCS7_080, obtained upon
loading of C9 onto MCS7_077, in PBS pH 7.4, at time 0, 20 min, 40 min, 1, 2, 4, 6, 8,
12 and 24 hours.
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Figure 10.20. UV-Vis spectra for the release study on MCS7_082, obtained upon

loading of C10 onto MCS7_077, in PBS pH 7.4, with addition of Fe3*, at time 0, 20
min, 40 min, 1, 2, 4, 6, 8, 12 and 24 hours.
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Figure 10.21. UV-Vis spectra for the release study on MCS7_082, obtained upon
loading of C10 onto MCS7_077, in PBS pH 7.4, without addition of Fe3*, at time 0, 20
min, 40 min, 1, 2, 4, 6, 8, 12 and 24 hours.
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Figure 10.22. UV-Vis spectra for the release study on MCS7_085, obtained upon

loading of C11 onto MCS7_077, in PBS pH 7.4, under UV irradiation, at time 0, 20
min, 40 min, 1, 2, 4, 6 and 8 hours.
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Figure 10.23. UV-Vis spectra for the release study on MCS7_085, obtained upon

loading of C11 onto MCS7_077, in PBS pH 7.4, without UV irradiation, at time 0, 20
min, 40 min, 1, 2, 4, 6 and 8 hours.

A3.1. UV-Vis Calibration for C8

0.240, 0.180, 0.120, 0.060 and 0.030 mM concentrations of C8 in PBS pH 7.4, were
accurately prepared using 5 mL graduated volumetric pipettes, and analysed using UV-
Vis spectrophotometry. The absorbance value at A, of 271 nm was recorded. A
calibration curve of absorbance against concentration was plotted, to determine the value
of the molar absorptivity, €, of the C8 monomer in 1X PBS. The concentration of the
monomer in the aliquots from the release studies was calculated using the Beer-Lambert
law (A = ecl), and was then plotted against time, to obtain the release profiles under the

tested conditions.
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Figure 10.24. UV-Vis spectra for C8 in PBS pH 7.4, at different concentrations.
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Figure 10.25. Calibration curve for C8 in 1X PBS pH 7.4.
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